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ABSTRACT

Sequence specific protein-DNA interaction involves changes in protein
conformation and dynamics. Research work involved in this thesis is the study of
structure and dynamics of EcoRI restriction endonuclease N-termini. The Ntermini of EcoRI endonuclease has been shown to be essential for DNA cleavage
and also stabilize EcoRI-DNA complex. But they are not resolved in the X-ray
crystal structure. An AsnSCys mutation was made at the N-termini by site-directed
mutagenesis and the mutant was subjected to cysteine crosslinking, pyrene labeling
and fluorescence studies. Chemical crosslinking of AsnSCys mutant and steadystate fluorescence studies of pyrene-labeled mutant indicated that the N-termini are
in close proximity and probably involved in the dimer interface. Time resolved
fluorescence measurements revealed dynamics of the N-termini by examining the
dissociation and reformation of pyrene excimers as well as the monomer spectral
shifts caused by N-terminal segment movements. Fluorescence anisotropy decay
analysis indicated the N-termini are on the protein surface and not totally
disoriented in solution. Substrate DNA binding, however, causes the N-termini to
be more mobile without affecting the proximity relationship. Fluorescence energy
transfer experiments were carried out using a double mutant Asn3CysTrpl04Tyr.
The through space distance between the fluorescent labels, MIANS or 1,5lAEDANS, and Trp246 is aroimd 30 A. Substrate DNA binding decreased the
distance to 26 A but cofactor Mg^^ ion did not cause any distance change. Single
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Trp246 fluorescence in the double mutant also revealed possible conformational
changes upon substrate DNA or cofactor binding. Experimental evidence indicates
that the N-termini are located at the dimer interface but distal to the DNA binding
site. The findings provide further insight into the function of the N-termini of
EcoRI endonuclease.

XI
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CHAPTER 1
INTRODUCTION

Restriction and Modification Enzymes
Restriction-modification (R-M) systems (Wilson and Murray, 1991;
Heitman, 1993) comprise pairs of opposing intracellular enzyme activities: an
endonuclease and a DNA-methyltransferase. They interact with the same specific
sequences of nucleotides in double-stranded DNA, which are usually from four to
eight defined nucleotides. In the presence of the cofactor Mg^"^, the restriction
endonuclease catalyzes double-stranded cleavage of DNA at the 5’-side of the
phosphate, leaving DNA fragments with 5’-phosphoryl and 3’-hydroxyl termini.
The modification methyltransferase catalyzes the addition of a methyl group from
s-adenosylmethionine (SAM) to one nucleotide in each strand of the recognition
sequence. The methylated sequence can still be recognized by the restriction
endonuclease, with rather weaker afiinity (Jen-Jacobson et al., 1996). However,
méthylation renders cleavage impossible (Nelson et al., 1993) or greatly reduces the
cleavage rate to a biologically irrelevant level (Jen-Jacobson et al., 1996) so that
accidentally cleaved DNA may be repaired by DNA ligase. R-M systems occur
exclusively in unicellular organisms, mainly bacteria. They are believed to
function to protect cells from foreign DNA, particularly viruses (Price and Bickle,
1986; Noyer-Weidner and Trautner, 1993): a restriction endonuclease cleaves
foreign DNA while methyltransferase prevents accidental cleavage of host DNA by
restriction endonuclease through méthylation.
1
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R-M systems can be classified into three types (Wilson and Murray, 1991).
Type I systems are comprised of three polypeptides, R (restriction), M
(modification), and S (specificity), and the resulting complex is both an
endonuclease and a methyltransferase. The recognition sequences are asymmetric
and comprise two components, one of three nucleotides and the other four to five
nucleotides, separated by a nonspecific spacer of six to eight nucleotides. The
function of a type I system is both ATP and SAM dependent. In the presence of
SAM, the endonuclease binds to the recognition sequence regardless o f its state of
méthylation. If it is methylated, ATP stimulates the dissociation of the enzyme
from DNA; if it is hemimethylated (méthylation only on one strand), ATP
stimulates the méthylation of the other strand; if it is unmethylated, ATP causes
formation of a tightly bound complex, and in the presence ofMg^\ cleavage occurs
at a variable distance remote on either side of the recognition sequence (Yuan et al.,
1975; Bickle et al-, 1978).
Type II systems are not ATP dependent. Type II endonucleases and
methyltransferases act independently and have simple requirements: the
endonucleases require only Mg^* and the methyltransferases require only SAM
(Wells et al., 1981; Modrich and Roberts, 1982; Modrich and Halford, 1993).
Endonucleases generally act as homodimers while methyltransferases act as
monomers. The sequences they recognize are essentially symmetric (palindromic).
Cleavage occurs symmetrically inside the recognition sequence, leaving either
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staggered or blunt ends at the cleavage site. In the absence of cofactor Mg^*, the
endonuclease simply binds to its recognition sequence without cleavage.
Méthylation also occurs symmetrically within the recognition sequence.
Exceptions are made for type Ils systems, whose endonucleases and
methyltransferases also act independently and have similar requirements for Mg^"”
and SAM as type H enzymes. However, their recognition sequences are
asymmetric and cleavage occurs only at one side of the recognition sequence at a
defined distance (Szybalski et al., 1991).
In type III systems the M subunit confers sequence specificity for both
restriction and modification (Roberts, 1990). It is a methyltransferase on its own
and a methyltransferase and endonuclease when complexed with the R subunit.
Méthylation requires SAM; cleavage requires ATP and Mg^* and is stimulated by
SAM. When all cofactors are present, the heterodimer competes with itself by
modifying and cleaving in the same reaction. The recognition sequences are
unsymmetric and cleavage occurs only at one side of the recognition sequence from
a variable distance.
A total of more than 2400 restriction enzymes are now known with regard
to their recognition sequences (Pingoud et al., 1993; Roberts and Macelis, 1993).
New R-M enzymes are identified continuously from different organisms, although
most of the findings are limited to the identification of isoschizomers, restriction
enzymes that have the same recognition and cleavage sequence as their prototype,
and neoschizomers which cleave at a different position from their prototypes. Most
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of the restriction enzymes known are type II restriction enzymes, some of them are
extensively used today as indispensable tools for molecular biology, gene cloning,
and genetic mapping. More importantly, type II restriction enzymes are studied as
model systems for understanding protein-DNA interactions because of their
specificities in sequence-dependent DNA recognition and cleavage.
EcoRI Restriction Endonuclease
EcoRI restriction endonuclease (EC 3.1.23.13) is by far the most
extensively characterized and studied type H restriction enzyme (Modrich and
Zabel, 1976; Lesser et al., 1990; Rosenberg, 1991). The EcoRI R-M system was
originally found in E. coli. RY13 strain. The cognate sequence for EcoRI
endonuclease and methyltransferase is 5’-GAATTC-3’ with two-fold symmetry. In
the presence of the cofactor Mg^^, cleavage by the restriction endonuclease occurs
at the GpA bond; in the presence of SAM, the modification methyltransferase
methylates the inner adenine. EcoRI endonuclease functions as a homodimer
(Terry et al., 1983). In solution it can also exist as tetramers, with a dissociation
constant firom tetramer to dimer around 1x10'^ M at 0.25 M KCl (Modrich and
Zabel, 1976). The DNA encoding the endonuclease and methyltransferase genes
was sequenced in 1981 (Newman et al., 1981; Greene et al., 1981). The gene
coding for the endonuclease specifies a 277-residue polypeptide (Mr=31063) while
the methyltransferase gene encodes a 326-residue protein (Mr=38049). The first
residue of EcoRI endonuclease, fMet, is absent in the mature protein. So each
polypeptide chain actually starts with serine-2 and thus has 276 amino acids.
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Genes for the two proteins are not overlapping, being separated by a 29-nucleotide
region. The two enzymes can be overexpressed under the control of bacteriophage
X Pl promoter (Cheng et al., 1984). Co-expression of these two enzymes is
essential since expression of endonuclease alone is lethal to the host cell (Kuhn et
al., 1986). Purified EcoRI restriction endonuclease tends to aggregate at higher
temperatures (> 4°C) and low salt concentrations (< 0.15 M NaCl). However, the
presence of cognate DNA will protect the endonuclease from aggregation under the
above mentioned conditions (Jen-Jacobson et al., 1983).
EcoRI endonuclease can also bind nonsubstrate DNA nonspecifically,
although the binding affinity is at least three orders of magnitude lower than for the
canonical DNA (Terry et al., 1983; Lesser et al., 1990). Cleavage at the canonical
sequence can be inhibited simply by addition of excess polynucleotides (Langowski
et al., 1980). Inhibition of EcoRI endonuclease by the lysine-modifying agent
methyl acetimidate can be prevented by the addition of DNAs with or without
EcoRI or EcoRI* sites (Woodhead and Malcom, 1980). Such nonspecific binding,
associated with linear diffusion along DNA, has been suggested as a way for DNAbinding proteins to locate target sequences more efficiently (von Hippel and Berg,
1989). It has been found that EcoRI endonuclease cleaves long substrates faster
than short ones (Greene et al., 1975). This is because DNA sequences outside the
recognition site enhance the rate at which EcoRI endonuclease locates or leaves its
recognition site without affecting the intrinsic thermodynamic parameters of sitespecific interaction (Jack et al., 1982). When two closely spaced EcoRI sites are
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asymmetrically positioned near the end of a linear DNA, EcoRI endonuclease
displays a substantial preference for the more centrally located recognition
sequence. Such preference is explained by the preferential entry of the en2yme via
the larger nonspecific target available to the more centrally positioned recognition
sequence by facilitated linear difiusion (Terry et al., 1985). Such linear diffusion
mechanism has been also demonstrated for other restriction enzymes such as
Hindni and BamHI (Ehbrecht et al., 1985). It has been estimated that the effective
scanning length for EcoRI endonuclease is about 1000 base pairs through a random
walking manner along the DNA stretch. Linear diffusion is not a hopping but a
sliding movement in which EcoRI follows the helical pitch of DNA, since it does
not “overlook” any cleavage site. Linear diffusion is blocked by other DNAbinding proteins or a triple helix and is slowed by irregular DNA structures such as
bending (Ehbrecht et al., 1985; Jeltsch et al., 1994). A “star” site (base sequences
that differ by only one base pair from either side of GAATTC) also slows down
linear diffusion by causing pauses. The greater the possibility of cleavage at the
“star” site, the more difficult it is for EcoRI to move across this site and proceed by
linear diffusion (Jeltsch et al., 1994). Therefore, EcoRI can bind DNA in two
extreme binding modes: a nonspecific loose binding mode, which is dominated by
nondirectional interactions and allows for linear difiusion, and a tight, specific
binding mode, which is dominated by many specific interactions between EcoRI
and DNA and may eventually lead to cleavage.
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An “allosteric activation” mechanism that couples EcoRI binding and
cleavage has been proposed based on the X-ray crystal structure of an canonical
EcoRI-DNA complex (McClarin et al., 1986; Rosenberg, 1991), kinetic (Terry at al.
1987) and thermodynamic (Ha et al., 1989) analysis, and the phenotypes of mutant
enzymes (Jen-Jacobson et al., 1983). This hypothesis indicates that there are two
conformationally distinct enzyme-DNA complexes: one with a functional site for
DNA cleavage and one with a disabled cleavage site. Proper assembly of the cleavage
site requires the proper structure in the recognition region. The crystal structure of an
EcoRI-DNA complex reveals that the enzyme bears arms that enwrap the DNA
tightly. These arms must be flexible enough to change conformation and embrace the
DNA. The existence of an extensive recognition network also suggests that DNAprotein specific recognition interface forms cooperatively (Rosenberg, 1991). By
kinetic analysis Terry et al. (1987) found that during a catalytic cycle EcoRI enzyme
spends most of its time bound to nonspecific DNA sequences which are rarely
cleaved. They proposed that the catalytic center is inactive in the nonspecific complex
and only becomes active upon substrate binding. Thermodynamic studies of EcoRIDNA interaction (Ha et al., 1989) reveal that a larger hydrophobic surfaces is buried
than would be predicted by the crystal structure. They suggested that additional non
polar surfaces of EcoRI are removed from solvent by conformational changes
promoted by sequence-specific binding. A spontaneous EcoRI mutant (Argl87Ser)
with decreased activity and impaired DNA binding releases only two counterions upon
binding to the DNA at pH 7.4 and six at pH 6, in contrast to eight for the wild-type
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enzyme at either pH (Jen-Jacobson et al., 1983; Lu et al., 1981; Terry et al., 1983). It
was suggested that the Argl87Ser mutation may disrupt conformational changes that
bring other amino acids into contact with DNA.
The recognition of cognate DNA by EcoRI restriction endonuclease has been
studied as a model system for sequence-specific protein-DNA interactions. Under
some conditions, however, EcoRI endonuclease has a “relaxed” sequence-specific
recognition and does cleave DNA sequences that are different firom the cognate 5’GAATTC-3’. When the cleavage reaction is carried out at a higher pH (8.5), at low
ionic strength, with a different divalent cation (Mn^*), with a high content of glycerol
(>40%), or in the presence of organic solvents such as DMSO or DMF, EcoRI endo
nuclease can recognize the noncanonical 5’-NAATTN-3’ sequence with one different
base pair on either end and cleave at NpA phosphate bond (Poliski et al., 1975;
Tikchonenko et al., 1978; Malyguine et al., 1980), although the binding is much
weaker and cleavage occurs at a rate that is about a million fold slower than that at the
cognate sequence (Lesser et al., 1990; Thielking et al., 1990). The enzymatic activity
responsible for this reduced sequence specificity is called EcoRI* (“star”) activity.
The 5’-NAATTN-3’ sequence is referred to as “star” site (Poliski et al., 1975) and a
non-standard buffer condition is referred to as a “star” buffer condition. Such reduced
sequence discrimination has been attributed to changes in protein conformation under
the above conditions (King et al., 1989). Recent experiments also suggested that loss
of active water molecules at the recognition site may be responsible for the “star”
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activity, since the extent of such activity depends strongly on osmotic pressure
(Robinson and Sligar, 1993). Under higher osmotic pressure the active water
molecules that mediate recognition between macromolecules are lost, leading to a
decrease of specificity. The effects of osmotic pressure can be reversed by the
application of hydrostatic pressure, indicating that specific recognition is mediated
by discretely bound water molecules and the release o f these waters induces a
fimdamental change in specificity (Robinson and Sligar, 1994).
Recently some EcoRI mutants were foimd having relaxed activity under
“standard” cleavage conditions (Heitman and Model, 1990; Flores et al., 1995).
Such relaxed activity has been attributed to the ability of these mutants to promote
allosteric conformational changes that are initiated by substrate binding and
subsequently transmitted to the active site to trigger DNA cleavage on noncognate
substrates. Under “star” buffer conditions the relaxed activity is increased for
these mutants, suggesting that “star” buffer may also promote allosteric activation
of EcoRI enzymes (King et al., 1989).
The catalytic pathway of EcoRI endonuclease is presented in Figure 1.1.
The association and dissociation steps are actually not as simple as indicated since
the enzyme locates and leaves its recognition sequence by facilitated diffusion
(Terry et al., 1985). For a canonical sequence, the two strands are cleaved at the
same rate (Lesser et al., 1990). However, cleavage steps at EcoRI* sites are more
complex as the inherent asymmetric recognition sequence creates two distinct
nicking rates, one for nicking in the “correct” half-site and one for the half-site
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Figure 1.1. Catalytic scheme of EcoRI restriction endonuclease. The first and
second cleavage steps are labeled k%and kj. S indicates the substrate DNA, S’ is
the nicked intermediate and the doubly cleaved product is S” .
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Il
containing an incorrect base pair. There are also two distinct rates for converting
nicked DNA into a doubly cleaved product at EcoRI* site (Lesser et al., 1990).
The cleavage reaction is a direct enzyme-catalyzed nucleophilic attack of an
activated water molecule at phosphorus without involvement of a covalent enzyme
intermediate (Connolly et al., 1984). The stereochemistry is an in-line 8^2 reaction
with inversion of configuration at the phosphorus atom. The same reaction
stereochemistry was also demonstrated for EcoRV endonuclease (Grasby and
Connolly, 1992). The neighboring phosphate group 3’ to the scissile
phosphodiester bond has been suggested to assist the reaction in both EcoRI and
EcoRV cleavage reactions (Jeltsch et al., 1992; 1993).
The energetic basis for sequence specificity of EcoRI endonuclease has
been mainly studied using modified DNA substrates (McLaughlin et al., 1987;
Lesser et al., 1990). Base analogue substitutions that preserve the sequence
dependent conformational motif of the GAATTC site permit deletion of single sites
of protein-base contact at a cost o f+1 to +2 kcal/mol. However, the introduction of
any incorrect natural base pair costs +6 to +13 kcal/mol as a result of loss of
multiple interactions. Based on an exhaustive analysis (Lesser et al., 1990) it was
proposed that EcoRI endonuclease achieves stringent discrimination by both “direct
readout” (protein-base contacts) and “indirect readout” (protein-phosphate contacts
and DNA conformation) of the DNA sequences. It is believed that ionic
interactions are nonspecific (Coulombic) and only contribute to affinity but not
specificity of binding since loss of up to six ionic contacts did not change the
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specificity of recognition (Jen-Jacobson et al., 1983; 1986). Non-ionic interactions
such as hydrogen bonding and van der Waals interactions determine sequence
specificity in recognition. Recent crystallographic (Rosenberg, 1991) and
biochemical studies (Lesser et al., 1992; Kurpiewski et al., 1993) showed that
protein-phosphate contacts are not exclusively all ionic but are often mediated by
hydrogen bonds from polypeptide main chain amide groups and/or polar side
chains, and make significant contributions to the specificity of protein-DNA
interactions.
Flanking sequences outside o f the GAATTC region have also been shown
to be involved in protein-DNA contacts (van Cleve and Gumport, 1992). The
minimum DNA length involved in recognition, including the canonical 5’GAATTC-3’ sequence, has been determined to be 12 base pairs, with three flanking
base pair at each side of the canonical sequence.
The specificity of EcoRI endonuclease is achieved by both specific binding
and catalysis (Lesser et al., 1990). For “star” substrates the binding affinity, first
strand cleavage rate, and second strand cleavage rate are all greatly reduced. This
can also explain the protection of méthylation (Jen-Jacobson et al., 1996). For
double-methylated DNA the binding affinity is about the same as that of
nonspecific DNA so that the large excess of nonspecific DNA sites in vivo provides
effective inhibition of binding, and the possibility of first-strand cleavage is
reduced by 8xlG*-fold. The rate of second strand cleavage is not measurable in
vitro.
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EcoRV endonuclease, on the other hand, achieves specificity by
mediated catalysis. It binds to specific or nonspecific DNA with equal afOnity in
the absence of cofactor

(Taylor et al., 1991). Binding affinity for specific

DNA is greatly increased in the presence of Mg^"^ (Thielking et al., 1992). Such a
change in specificity is attributed to the different active site structure of EcoRV
with specific and nonspecific DNAs (Vipond and Halford, 1993). Only specific
binding can assemble the correct active structure and subsequently proceed to
cleavage since the specific DNA is bent but nonspecific DNA is not when bound to
EcoRV (Winkler et al., 1993; Rostrewa and Winkler, 1995).
X-Ray Crystal Structure of an EcoRI-DNA Complex
The crystal structure of a cognate EcoRI-DNA complex has been solved at
2.7 Â resolution (McClarin et al., 1986; Kim et al., 1990; Rosenberg, 1991) (Figure
1.2). Both subunits of EcoRI endonuclease join to form a globular structure,
approximately 50 Â in diameter, in one side of which is embedded in the DNA.
The complex possesses twofold symmetry, as expected firom the symmetry of the
recognition sequence. A tight, complementary interface between the enzyme and
the major groove of DNA is the major determinant of sequence specificity. The
minor groove of the DNA is exposed to solvent whereas the major groove is in
intimate contact with the protein. The DNA contains a torsional kink and other
departures firom the B-form, which unwinds the DNA and thereby widens the major
groove in the recognition site to accomodate recognition elements of protein. Such
a kink, which was predicted previously (Kim et al., 1984), is a result of molecular
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Figure 1.2. Structures of (A) EcoRI and (B) BamHI endonuclease. Only one
subunit is shown here. The N-terminal and C-terminal of EcoRI and BamHI are
marked as N and C respectively.
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strain of the sequence (Kumar et al., 1994), since it also displays kinks in solution
as demonstrated by NMR studies (Nerdal et al., 1989). However, such kinking
enhances recognition by EcoRI endonuclease, as deletion of the N6 -amino group of
the inner adenine within the cognate sequence improves binding, because the
penalty o f removing a protein-base hydrogen bond, which is about 1.5 kcal/mol, is
outweighed by facilitation of the required DNA distortion in the complex (Lesser et
al., 1993).
Each protein subunit has a primary five stranded P-sheet with a-helices on
both sides (a/p architecture). Such structural organization, a mixed P-sheets
sandwiched by a-helices, is a common feature (Venclovas et al., 1994) among all
type n restriction endonucleases for which high resolution structures are available,
including EcoRV (Winkler et al., 1993; Kostrewa and Winkler, 1995), PvuII
(Cheng et al., 1994), BamHI (Newman et al., 1994; 1995) and Cfi’lOl (Bozic et al.,
1996).
Another similar structure among the above five endonucleases is the
structure of the active site, which is (E/D) Xn (E/D) YK (where X is any residue
and Y is a hydrophobic one, n varies from 9 to 18) in primary sequence (Asp91,
Glul 11, and Lysl 13 for EcoRI; Asp74, Asp90, and Lys92 for EcoRV; Asp58,
Glu6 8 , and Lys70 in PvuII; Asp94, Glul 11, and Glul 13 for BamHI; and Asp 134,
Glu 204, and Lysl 90 for CfrlOl). The spatial orientation of these three types of
residues (E/D, E/D, and K) are quite similar. Great overall structural similarity
exists between EcoRI and BamHI, which both cleave after the first base in the six
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Figure 1.3. Secondary structures of (A) EcoRI and (b) BamHI. The common core
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mean square o f - 2 A. Critical residues at active sites are also shown.
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base pair récognition sequence (GAATTC for EcoRI and GGATTC for BamHI)
leaving 4-base (5’) staggered ends (Figure 1.3), and between of EcoRV
(GATATC) and PvuII (CAGCTA), which both cleave after the third base leaving
blunt ends. Such structural similarities suggest that the nature of cleavage pattern,
rather than the actual DNA sequence recognized, may be the most important
constraint on the overall conformation of restriction enzymes (Newman et al.,
1994). Detailed structural information on these restriction enzymes led to a
proposal that all type II restriction endonucleases may have a common ancestor,
although there are no sequence similarities in the genes or amino acid sequences
(Venclovas et al., 1994; Aggarwai, 1995).
The overwhelming recognition network at the protein-DNA interface
enforces sequence-specific recognition of EcoRI endonuclease (Rosenberg, 1991).
The recognition interaction comprises 16 protein-base hydrogen bonds (12 proteinpurine and 4 protein-pyrimidine) in addition to a complex set of van der Waals
interactions involving all of the recognition-sequence pyrimidines. In addition to
direct amino acid-base interactions, secondary interactions among groups of amino
acid residues are also critical for maintaining the correct orientations of those side
chains that are directly interacting with the bases. Such extensive networking
suggests that DNA-protein interface forms cooperatively, which could be critical to
the putative conformational changes during allosteric activation as stated above
(McClarin et al., 1986; Rosenberg, 1991; Terry at al. 1987). Recognition contacts
are redundant so that any one of the hydrogen bonds or van der Waals interactions
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could be removed and the correct base pair would still be specified, although the
level of discrimination would be reduced. Biochemical and energetical studies
have predicted that in most cases more than one interaction could be removed from
a base and the remaining interactions would still be specific for the cognate base
pair (Alves et al., 1989; Lesser et al., 1990).
Unfortunately, the first 16 amino acid residues of EcoRI endonuclease,
which have been shown to be essential for DNA recognition and cleavage (JenJacobson et al., 1986), are not resolved in the crystal structure. The first resolved
residue in the crystal structure is serine-17, which lies on the protein surface remote
from both the protein-DNA interface and the dimer interface. Residues 21 to 31
form the first a-helix, which points outwards from the surface and away from
bound DNA when viewed from residue 31 to 21 (Figure 1.2).
Biochemical Importance of the N-terminal Segment
The N-terminal segments, from residue 5 to 12, of the EcoRI endonuclease
dimer have been shown to be essential for binding and cleavage, although the
original purpose of the experimental design was to provide biochemical support for
the incorrectly solved X-ray crystal structure of an EcoRI-DNA complex (JenJacobson et al., 1986).
Using different specific proteases Jen-Jacobson et al. (1986) have purified a
series of deletion derivatives of EcoRI endonuclease by selective removal of
defined segments of the N-terminal region by proteolysis of EcoRI-DNA
complexes. DNA containing the EcoRI recognition sequence protected EcoRI
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endonuclease from being completely digested. The deletion derivatives were made
by proteolytic cleavages at residues Lys4 by endoprotease Lys-C (DELN4), Glu 12
by V8 protease (DELN12), Tyr27 by chymotrypsin (DELN27), and Lys29 by
trypsin (DELN29).
Deletion derivatives could still be purified as dimers, in the presence or
absence of cognate DNA. Purified deletion derivatives were analyzed for their
binding, sequence specificity, and cleavage activities. The results are summarized
in Table 1.1. DELN4 has essentially the same properties as the intact enzyme and
DELN27 behaves exactly as DELN29, so the comparisons are made for DELN4,
DELN12, and DELN29. The binding affinities (expressed as equilibrium
association constants) toward cognate DNA sequence was reduced 63-fold (from
2.2x10" M"' to 3.5x10® M") for DELN12 and DELN29, in the sense that their
dissociation rate constants for enzyme-DNA complexes were 6 8 -fold faster
(9.5x10'^ sec ' as compared to 1.4x10"^ sec '), since the association rate constant are
the same for the intact and all deletion derivatives (3.5x10’ M 'sec '). For all
deletion derivatives and the intact enzyme, their sequence specificity, which is
expressed as the ratio of their equilibrium association constants for canonical
GAATTC sequence to those for variant DNA sequences, are at the same level of
magnitudes. Thus all deletion derivatives fully retain the sequence recognition
specificity as that of the intact enzyme. However, single turn-over kinetic
experiments showed that while DELN4 is fully active as the intact enzyme,
DELN12 and DELN29 are totally incapable of strand cleavage. DELN29 was
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Table I. I. Summary of biochemical properties of deletion derivatives. Data are
from Jen-Jacobson et al (1986). All properties are relative to intact EcoRI
endonuclease.

DELN4

DELN12

DELN29

Affinity

same

63-fold less

63-fold less

Specificity

retained

retained

retained

Activity

retained

lost

lost
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shown to be remained bound to cognate DNA in the presence of the cofactor
in contrast to the fact that intact enzyme dissociated after DNA scission.
Experimental evidence also indicated that upon binding to cognate DNA, there
were eight counterions released for DELN4 and the intact enzyme but only six for
DELN12 and DELN29.
Therefore, such short N-terminal segments apparently have important
functions in DNA binding and catalysis. However, the X-ray crystal structure
indicates that the involvement of these segments in direct contact with DNA and
the catalytic center is very unlikely (Kim et al., 1990; Rosenberg, 1991).
Fluorescence Spectroscopy Study of EcoRI N-termini
Fluorescence spectroscopy is unique in its ability to probe both local and
global changes in structure and dynamics (Lakowicz, 1983; Beechem and Brand,
1985). Structural information is available from the fluorescence lifetime, which is
sensitive to the enviromnent through nonradiative pathways. Dynamical
information comes directly from the fluorescence emission anisotropy decay, which
depends on the rate of rotational diffusion. The sensitivity, selectivity and rapid
time scale of fluorescence can provide real-time observation of very fast internal
motions and excited-state reactions. Using fluorescence energy transfer
measurements, the distance between a fluorescent donor and an acceptor can be
determined through space in the range from 10-90 A (Stryer, 1978). With the
advent of site-directed mutagenesis techniques it is now possible to insert or
remove tryptophans as intrinsic fluorescent probes in proteins. A new method.
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which is called site-directed fluorescent labeling, enables one to use extraneous
fluorescent probes other than tryptophan by replacing an amino acid residue at a
desired site with cysteine and labeling it with cysteine-specific fluorescent probes
(Kang et al., 1992; Jung et al., 1993; Wu and Kabak, 1994; Wu et al., 1995). By
covalently attaching a fluorescent probe in the N-terminal regions of each subunit
of the EcoRI restriction endonuclease dimer, fluorescence spectroscopy can reveal
the environment, mobility, and position of the N-termini. Protein structural
changes upon binding of cognate DNA and cofactor Mg^* ion can also be studied.
This dissertation consists of three chapters. The first chapter summarizes a
sensitive and economical HPLC method developed for locating covalently attached
fluorescent probes in fluorescent labeled EcoRI endonuclease. In experiments
described in the second chapter, the N-termini have been found in close proximity,
mainly on the protein surface, and possibly involved in subunit interactions in the
EcoRI dimer. In the experiments described in the last chapter, fluorescence energy
transfer was employed to locate the positions of the N-termini in EcoRI by
determining the distance between tryptophan 246 and the N-termini. Effects of
cognate DNA and cofactor Mg^"^ binding on protein structure are also described in
the last two chapters. The last two chapters are also manuscripts in preparation for
publication.
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CHAPTER 2
HPLC METHOD FOR DETERMDHNG FLUORESCENT PROBES
IN PROTEINS

Introduction
Fluorescence spectroscopy is an important tool for studying proteins. Such
studies often require covalent labeling of the protein with fluorescent probes. It is
usually necessary to know the amount and position of the probe on the polypeptide
chain. The traditional way to determine the extent of labeling of proteins is from
the absorbance of the probe. In special cases, such as selective labeling of an
enzyme active site (Vaz and Schoellman, 1976) or of a unique functional group
(Wu and Stryer, 1972; Tanizawa et al., 1990; Wu et al., 1995; Wang et al., 1995)
there is only one possible labeling site. However, in most cases there are multiple
possible labeling sites and identification of the actual labeling site(s) requires
further analysis of the labeled protein. Protease or chemical digestion of labeled
proteins followed by SDS-PAGE (Bock, 1992), column chromatography (Bozler et
al., 1983), or reverse-phase HPLC (Hseih and Matthews, 1985; Erickson et al.,
1995) has been used to isolate fluorescent peptide fragments. Labeling sites were
located by manual (Bozler et al., 1983) or automated ( Erickson et al., 1995) protein
sequencing or by amino acid analysis ( Hseih and Matthews, 1985) of fluorescent
peptides. In this chapter a sensitive and convenient reverse-phase HPLC method
for analyzing fluorescent labeled proteins by combining HPLC peptide mapping
with phenylisothiocyanate (PITC)- and fluorescent-amino acid analyses is
28
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presented. This methodology has been used for analyzing 5-(dimethylamino)naphthalene-1-sulfbny1 (dansyl) chloride labeled EcoRI restriction endonuclease.
Dansyl chloride is widely used as a fluorescent modification agent for
proteins due to its environment sensitive fluorescence. The reactive functional
group in dansyl chloride is its sulfonyl chloride group, which reacts with a variety
of nucleophiles in proteins, such as primary amino, hydroxyl, and sulfhydryl
groups. In EcoRI restriction endonuclease the primary amino groups are the aamino group of N-terminal residue serine (Ser2) and the e-amino groups of the
lysine residues (The first residue encoded by the gene of EcoRI endonuclease,
fMet, is absent in native protein. So each polypeptide chain actually starts with
serine-2 and thus has 276 amino acids.). The pKa for a-amino group is around 7-8
but 9-10 for e-amino group in proteins. So if the labeling reaciton is carried out at
or below neutral pH, specific labeling of the a-amino group of N-terminal Ser2 is
possible. The hydroxyl groups from serine and threonine residues are generally
unreactive towards dansyl chloride. Under such condition the hydroxyl group from
tyrosine is also unlikely to be reactive due to its high pKa value (~ 12). The
sulfhydryl group from the only cysteine at position 218 (Cys218) has been shown
before to be unreactive towards sulfhydryl modification reagents (Woodhead and
Malcolm, 1980). Examination of crystal structure of EcoRI complexed with
cognate DNA (Kim et al., 1990) reveals that the sulfhydryl group of Cys-218 is
buried inside the protein, albeit the a-carbon of Cys218 is exposed to solvent.
Since there are 22 lysine residues in the 276 amino acid polypeptide chain of an
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EcoRI monomer (Newman et al., 1981), interference from lysine residues under the
specifc labeling condition is also possible. Therefore it is necessary to make
thorough examinations on dansyl chloride labeled EcoRI to determine labeling sites
and ensure specific labeling of Ser2.
The analysis scheme (Figure 2.1) involves removal of unreacted probe after
the labeling reaction, HPLC peptide mapping, PITC amino acid composition
(Bidlingmeyer et al., 1984) or HPLC end-group analysis (Levina and Nazimov,
1984) to identify the labeled fragment, and dansyl-amino acid analysis (Levina and
Nazimov, 1984) to determine the labeled residues. Specifically, the labeled protein
is first digested with trypsin and then fractionated on HPLC to separate fluorescent
and nonfluorescent peptide fragments. Fluorescent fragments are collected and
analyzed by PITC-amino acid analysis to obtain the amino acid composition of
each fragment. The amino acid sequence of fluorescent fingments is inferred by
comparing the amino acid composition with the known composition of tryptic
fragments. Alternatively, the N-terminal amino acid of fluorescent fragments is
determined by HPLC end-group analysis and used to identify tryptic fragments.
Fluorescent fragments are also analyzed by dansyl-amino acid analysis for direct
determination of the labeled residue(s). The entire procedure can be carried out on
a single HPLC gradient system with a single C18 reverse-phase column.
Experimental Procedures
Materials. PITC (1 mL ampules), trifluoroacetic acid (TFA, protein sequencing
grade), dansyl chloride, mixture of standard amino acids (2.5 mmol/mL each in 0.1
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Labeling Reaction

Removal o f Unreacted Probe

HPLC Peptide Mapping

Analysis o f Labeled Fragments

PITC-Amino
Acid Analysis
End-group
Analysis

i
Dansyl-Amino
Acid Analysis

Figure 2.1. Scheme of HPLC analysis of dansyl chloride labeled EcoRI restriction
endonuclease.
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N HCl), and individual dansyl amino acids were purchased firom Sigma (St. Louis,
IL). Constant boiling hydrochloric acid (sequanal grade) and triethylamine (TEA;
sequanal grade) were firom Pierce Chemical Co (Rockford, IL). Phenol (analytical
grade) and HPLC grade ethanol and acetonitrile were firom Mallinckrodt
(Chesterfield, MO). Dansyl chloride (adsorbed onto Celite as 10% w/w) was firom
Molecular Probes, Inc. (Eugene, OR). Sequencing grade N-tosyl-L-phenylalanine
chloromethyl ketone (TPCK)-treated modified trypsin was firom Promega
(Madison, WI). EcoRI endonuclease was purified as described (Greene et al.,
1978) and stored in 0.6 M NaCI, 10 mM potassium phosphate, pH 7.4, 1 mM
EDTA, 7 mM p-mercaptoethanol, 10% glycerol (w/v) at -70 “C. HPLC water was
purified by a Millipore Milli-Q/R system (Millipore, Bedford, MA). All HPLC
buffers were filtered and degassed by purging with helium gas.
Labeling and Digestion. 4.6 mg Celite solid with preadsorbed dansyl chloride
(100-fold molar excess over protein) was suspended in 4.0 mL of 0.6 M NaCI, 50
mM potassium phosphate at the desired pH, 10% glycerol (w/v), 0.13 mg/mL (4.2
mM) EcoRI endonuclease and stirred at 4 °C for 24 h (heterogeneous labeling).
The Celite was removed by centrifugation. The supernatant was dialyzed against 5
X2 L of 0.6 M NaCI, 10 mM potassium phosphate, pH 7.4,10% glycerol until no
fluorescence was detected in the dialysis buffer. Alternatively, the supernatant was
centrifuged in a Centricon-10 ultrafiltration concentrator (Amicon, Severely, MA)
to 50 pL and diluted to 2 mL with dialysis buffer until no fluorescence was
detected in the filtrate (approx. seven times). Fluorescence was measured on an
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SLM 8000 spectrofluorometer (SLM Instruments, Inc., Urbana, IL) at 330 nm
excitation, 500 nm emission wavelength. EcoRI endonuclease was also labeled by
adding a 50-foid molar excess of dansyl chloride in freshly made anhydrous
dimethylformamide (DMF) stock solution (homogeneous labeling).
About 30 jig (1.0 nmol) of labeled, dialyzed EcoRI endonuclease in 0.75
mL was denatured by addition of 0.25 mL of 8 M urea, 0.4 M NH4HCO3, pH 8.3.
TPCK-trypsin was added to give 50:1 (w/w) of EcoRIrtrypsin ratio. The mixture
was then incubated at 37 “C for 24 h. The tryptic digest was either loaded directly
onto HPLC for peptide mapping or stored at -20 °C for subsequent analysis.
Apparatus. HPLC was performed on a Rainin Rabbit-HP system (Rainin, Woburn,
MA) with two Rainin HP pumps, a Model 7125 Rheodyne injection valve, and a
Rainin Dynamax mixer. Detectors were Isco V4 variable wavelength absorbance
detector (Isco Inc., Lincoln, NE) and a Shimadzu RF551 fluorescence detector
(Shimadzu, Kyoto, JAPAN). Chromatograph gradient control, data collection, and
analysis were performed with the Dynamax Software package (Rainin) on a
Macintosh Classic computer. A single Microsorb-MV CIS column (4.6 mm ID x
250 mm L, 5pm particle size, 300 A pore size; Rainin) coupled with a guard
column (4.6 mm ID x 10 mm L) of the same packing was used for all analyses.
Reversed-Phase Peptide Mapping. Peptide mapping used the traditional
TFA/acetonitrile buffer system with slight modifications. Buffer A is 0.061% (v/v)
TFA. In order to compensate the absorbance increase at higher acetonitrile
concentration, buffer B is 0.056% (v/v) TFA, 80% acetonitrile. These buffers with
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lower TFA concentrations gave better baselines without sacrificing the resolving
power of the 0.1% TFA buffer system. Buffer gradient was 0.5% B/min for 100
min, 2% B/min for 25 min, 100% B held for 10 min, and 100-0% B in 5 min. Flow

rate was 1.0 mL/min. Eluent was monitored simutaneously by absorbance at 214
nm, 0.01 AUFS and fluorescence at 330 nm excitation wavelength, 530 nm
emission wavelength. Individual fluorescent peptide firagments were collected and
reinjected to assure purity.
PITC-Amino Acid Analysis. Peptide fragments (about 0.5 nmol) were lyophilized
and then hydrolyzed in 0.4 mL of 6 N HCl, 0.1% (w/v) phenol in vacuo at 110 “C
for 24 h. The amino acid hydrolysate was derivitized and analyzed according to the
method of Bidlingmeyer et al. (Bidlingmeyer et al., 1984) with several
modifications. Excess PITC was removed by vacuum evaporation of 50% (v/v)
aqueous acetonitrile. The PITC-derivitized amino acids were lyophilized and
stored dry at -20 °C. Samples were dissolved in 0.5 M sodium phosphate, pH 7.0,
4% acetonitrile for HPLC analysis. This sample diluent was found to resolve Asp
and Glu better than the Pico-Tag sample diluent from Waters. Buffer A is 0.14 M
sodium acetate, pH 6.4,0.05% (v/v) TEA, 0.05% (w/v) sodium azide. Buffer B is
100% acetonitrile. Buffer gradient was 6-23% B (convex curve) in 10 min, 23% B
held for 6.5 min, 23-32% B in 4 min, 32-70% B in 2 min, then 70% B held for 3
min, followed by 70-6% B in 1 min. Flow rate was 1.0 mL/min. Eluent was
monitored by absorbance at 254 nm, 0.01 AUFS. All chromatograms were run at
room temperature.
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HPLC End-Group Analysis. HPLC end-group analysis was perfonned according to
the method of Levina and Nazimov (Levina and Nazimov, 1984). Typically,
peptide fragments were dried twice in 10 pL water and derivatized in 8 pL of 40
mM LijCOj, pH 9.5, and 4 pL of 5 mM dansyl chloride in acetonitrile in the dark at
room temperature for 35 min. The reaction was stopped by addition of 4 pL of
0.1% ethylammonium chloride. The reaction mixture was dried and hydrolyzed in
0.4 mL of 6 N HCl at 110 ®C for 4-5 h to release the dansyl amino acids. This short
hydrolysis time reduces the breakdown o f dansyl amino acids (Gros and Labouesse,
1969). For example, 5 h hydrolysis results in 40% loss o f dansyl-Ser but no
detectable loss of dansyl-e-Lys, while 24 h hydrolysis results in 96% loss of dansylSer and 46% loss of dansyl-e-Lys. The hydrolysate was analyzed by HPLC.
Buffer A is 26 mM sodium trifluoroacetate, pH 7.0,10% acetonitrile. Buffer B is
26 mM sodium trifluoroacetate, pH 7.0, 70% acetonitrile. Gradient was 7-17% B
in 8 min, 17-26% B in 13 min, 26-70% B in 7 min and 70-7% B in 1 min. Eluent
was monitored by fluorescence at high sensitivity, 330 nm excitation, 530 nm
emission wavelength.
Qualitative total amino acid analysis was also done in some cases to
confirm amino acid composition based on PITC-amino acid analysis. Peptide
fragments were acid-hydrolyzed, derivatized with dansyl chloride, and analyzed as
described above for end-group analysis.
Dansyl-Amino Acid Analysis. Fluorescent peptide fragments were lyophilized and
hydrolyzed in 6 N HCl at 110 °C for 4-5 hrs to release the dansyl amino acids.
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HPLC analysis followed the procedure for end-group analysis. After removal of
HCl, the hydrolsate was dissolved in 150 pL of buffer A and 140 pL was injected
onto the HPLC.
Results
Peptide Mapping of Labeled EcoRI Endonuclease. Labeled proteins should be
separated from excess unreacted fluorescent probe before HPLC peptide mapping.
Dialysis and gel filtration are both time and reagent consuming. It took about two
days and 5 X 2 L buffer changes to remove unbound probe completely.
Ultrafiltration was faster and more efficient. Seven dilution/centrifugation cycles
over about 7 h removed all the free probe. Possibilities for even faster separation
include Sep-Pak cartridges or spin columns.
Peptide maps of trypsin digested EcoRI endonuclease labeled at three pH
values by Celite are shown in Figure 2.2. The absorbance maps at different pH had
almost the same pattern, so only the pH 7.0 map is shown in Figure 2.2A. About
40 firagments are well resolved, consistent with 22 Lys and 14 Arg résidus in EcoRI
endonuclease (Newman et al., 1981). Labeling by dansyl chloride at pH 7.0
produced six fluorescent firagments (Figure 2.2D). Three fluorescent firagments (2,
3, and 4) disappeared completely and the amounts of the remaining three firagments
(1, 5, and 6 ) decreased when the pH was lowered from 7.0 to 5.5 (Figure 2.2B),
indicating differential reactivity of the labeled amino acid residues.
PITC-Amino Acid Analysis. PlTC-derivatives of all 17 standard amino acids were
well resolved within 25 min (Figure 2.3). If the dansyl-amino acid conjugate is
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Figure 2.2. HPLC peptide maps of EcoRI endonuclease. Absorbance detection,
labeling reaction at (A) pH 7.0. Fluorescence detection, labeling reaction at (B) pH
5.5, (C) pH 6.0, (D) pH 7.0. About 1.0 nmol of dansyl-EcoRI endonuclease was
digested and injected onto the column. Chromatographic conditions are described
in Experimental Procedures.
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Figure 2.3. HPLC spectrum of standard PITC-amino acids. Chromatographic
conditions are described in Experimental Procedures.
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stable to acid hydrolysis, dansyl-Iabeled amino acids will not show up in the PITC
analysis. Both dansyl and PITC react with primary amino groups. In the case of
N-terminal labeling (Ser2 in EcoRI endonculease), the amine reactive fluorescent
probe blocks the PITC reagent. Labeling of other functional groups, such as eamino group of lysine, changes the retention time of the corresponding PITC-amino
acid. Results for PITC-amino acid analysis of some tryptic peptides of EcoRI
endonculease and o f the fluorescent firagments 1-6 are shown in Tables 2.1 and 2.2.
Amino acid sequences are assigned by comparing the amino acid compositions
obtained by PITC-amino acid analysis to the amino acid sequence of the
endonuclease (Newman et al., 1981).
Fluorescent fragments 2 and 3 are N-terminal fragments differing by one
residue. Apparently the fluorescent probe inhibited trypsin cleavage at Lys4,
because the limit digest of unlabeled endonuclease did not contain the longer
fragment. Fragment 5 is the C-terminal firagment. Although the sequences of
fragments 5 and 6 could be assigned based on amino acid composition, additional
data were needed to confirm the assignments because of uncertainty in
quantitflcation of isoleucine and leucine. PITC-Ile and PITC-Leu coelute with a
reagent peak, which only appears in acid-hydrolyzed labeled samples. Moreover,
for very low amounts of peptide (about 0.5 nmol) PITC-amino acid analysis is
more reliable for shorter fragments. Therefore, HPLC end-group analysis with
pmol detection of dansyl amino acids was used to identify the longer peptide
fragments.
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Table 2.1. Partial tryptic peptide map of EcoRI endonuclease.
Retention

Residue

Sequence

Time (min)

Number

5

2-4

Ser-Asn-Lys

7

114-117

His-Gln-GIy-Lys

17

57-58

Tyr-Arg

21

10-15

Leu-Thr-Glu-Gln-His-Lys

26

222-226

Phe-Val-Asn-His-Lys

34

59-62

Asp-Ser-Ile-Lys

43

63-72

Lys-Thr-Glu-Ile-Asn-Giu-Ala-Leu-Lys

44

30-40

Ala-His-Asp-Leu-Ala-Val-Gly-GIu-Val-Ser-Lys

46

90-98

Pro-Asp-Gly-Gly-Ile-Val-Glu-Va!-Lys

47

99-105

Asp-Asp-Tyr-GIy-Glu-Trp-Arg

53

131-145

Arg-GIy-Asp-Gln-Asp-Leu-Met-Ala-AIa-GIy-Asn-AIa-Ile-Glu-Arg

55

118-123

Asp-Ile-Ile-Asn-Ile-Arg

61

188-203

Val-Val-Asn-Leu-Glu-Tyr-Asn-Ser-GIy-Ile-Leu-Asn-Arg-Leu-AspArg

62

44-56

Lys-Ala-Leu-Ser-Asn-Glu-Tyr-Pro-Gln-Leu-Ser-Phe-Arg

64

45-56

Ala-Leu-Ser-Asn-Glu-Tyr-Pro-GIn-Leu-Ser-Phe-Arg

65

204-221

Leu-Thr-Ala-Ala-Asn-Tyr-Gly-Met-Pro-lle-Asn-Ser-Asn-Leu-Cyslle-Asn-Lys

68

269-277

71

227-244

Asp-Leu-Phe-GIu-Gln-Leu-Thr-Ser-Lys
Asp-Lys-Ser-IIe-Met-Leu-GIn-Ala-AIa-Ser-Ile-Tyr-Thr-Gln-GlyAsp-Gly-Arg

72

73-89

Ile-Asp-Pro-Asp-Leu-Gly-Gly-Thr-Leu-Phe-Val-Ser-Asn-Ser-SerIle-Lys

73

168-187

Phe-Leu-Glu-Gly-Ser-Asn-Phe-Leu-Thr-Glu-Asn-Ile-Ser-Ile-ThrArg-Pro-Asp-GIy-Arg

76

16-29

Leu-Ser-Gln-Gly-Val-IIe-GIy-Ile-Phe-Gly-Asp-Tyr-AIa-Lys

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

41

Table 2.2. PITC-amino acid, end-group, and dansyl-amino acid analyses of
fluorescent peptide Augments of EcoRI endonuclease labeled at pH 7.0.
Labeled
Fragment

Retention
Time
(min)

Amino
Acid

Composition

1

9

GIu
Gly
His
Lys

2

33

3

NTerminal
Residue

Possible Tryptic
Fragment

Dansylated
Amino
Acid

1.1
1.0
0.9
12

114-117
(HisGln-Gly-Lys)

None

Asp
Ser
Lys

1.0
0.4
1.0

2-4
(Ser-Asn-Lys)

Ser

34

Asp
Ser
Lys

1.0
0.5
1.8

2-5
(Ser-Asn-LysLys)

Ser

4

54

Leu
Vai
Lys

Leu

41-44
(Leu-ValLys-Lys)

Lys

5

76

Asp
GIu
Ser
Thr
Phe
Lys

0.7
1.8
1.4
1.0
1.0
02

Asp

269-277
(Asp-Leu-PheGlu- Gln-LeuThr-Ser-Lys)

Lys

6

104

Asp
GIu
Ser
Gly
Ala
Val
Phe
Lys

0.8
1.2
1.0
3.6
0.6
1.0
1.2
0.9

Leu

16-29
(Leu-Ser-GlnGly-Val-Ile-Gly
-lle-Phe-Gly-AspTyr-Ala-Lys)

None
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End-Group Analysis. End-group analysis identifies the N-terminal amino acid
residue of the labeled peptide fragment. The results for end-group analysis of
firagments 4-6 are shown in Table 2.2. The N-terminal Asp and Leu residues of
fragments 5 and 6, respectively, confirm the sequence assignments.
Fragment 4 elutes in a congested region of the peptide map (Figure 2.2).
Consequently, the amounts of peptide recovered after purification are too low (<
0.1 nmol) for PITC-amino acid analysis. We therefore took another approach to
identify fragment 4. End-group analysis showed that the N-terminal residue is Leu.
Qualitative total amino acid analysis revealed that the peptide contains only three
amino acids: Leu, Val, and Lys. Quantitative total amino acid analysis of fragment
5 and 6 was also consistent with the assigned sequences.
Dansyl-Amino Acid Analysis. Dansyl-amino acid analysis identifies individual
amino acid residues that are dansylated in the labeling reaction. Chromatograms
for fluorescent fragments 1-6 are shown in Figure 2.4. Degradation of dansylamino acid conjugates during acid hydrolysis of the peptides is accompanied by
release of dansyl acid in all fragments as well as dansylamide in firagments 2 and 3
(Gray, 1972).
Combining the results of PITC- and dansyl-amino acid analyses, we deduce
that Hisl 14 in fragment I was labeled by dansyl chloride. Lysl 17 is not labeled, as
judged by full recovery of Lys in the PITC-amino acid analysis and absence of N-edansyl-Lys in dansyl-amino acid analysis of fragment 1 (Table 2.1). In addition to
primary amino groups, dansyl chloride modifies the imidazole ring of His. The
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Figure 2.4. HPLC of dansyl-amino acids in fluorescent peptide firagments of EcoRI
endonuclease labeled at pH 7.0. The standard chromatogram contained 50 pmols
each of dansyl acid (Dn-OH), N-a-dansyl-Ser (Dn-Ser), N-s-dansyl-Lys (Dn-sLys), and dansylamide (Dn-NH2). Peptide firagments are about 1-20 pmoles.
Chromatographic conditions are described in Experimental Procedures.
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product formed is unstable in acidic conditions and decomposes completely to
dansyl acid and histidine upon acid hydrolysis (Gros and Laboussee, 1969).
The N-terminal Ser2 in fragments 2 and 3 was labeled at the a-amino
group. The amino acid sequence o f EcoRI endonuclease begins at residue 2;
residue 1 is fMet, which is absent in the purified enzyme (Newman et al., 1981).
Modification of Ser2 was pH sensitive. The extent of labeling decreased at lower
pH, becoming undetectable at pH 5.5 (Figure 2.IB). This is the result expected for
increasing protonation of the a-amino group. The rate of hydrolysis o f dansyl
chloride by water is low and considered to be constant below pH 9.5. The rate of
the labeling reaction is dependent on the availability of free amino groups, which in
turn is pH dependent (Dandliker and Portmann, 1971). N-a-dansyl-serine is not
very stable to prolonged acid hydrolysis (Gray, 1972), so PITC-amino acid analysis
recovered 40-50% of total Ser as the free amino acid (Table 2.2). The single Lys in
fragment 2 and the two Lys in fragment 3 did not react with dansyl chloride at pH
5.5 to 7.0. This is indicated by full recovery of Lys in the PITC-amino acid
analysis and confirmed by dansyl-amino acid analysis.
Qualitative total amino acid analysis using the more sensitive detection of
dansyl fluorescence identified the three amino acid residues in fiagment 4. This
plus the finding of Leu from end-group analysis (Table 2.2) and N-e-dansyl-lysine
(Figure 4) from dansyl-amino acid analysis sufficed to assign fiagment 4 to tryptic
fragment 41-44: Leu-Val-Lys-Lys. Lys43 is considered the labeling site since
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labeling of Lys44 would block trypsin cleavage. At least for short peptide
fragments the modifrcation site can also be located by a combination of qualitative
amino acid analysis, end-group analysis, and dansyl-amino acid analysis.
The C-terminal Lys277 in fragment 5 was labeled on the E-amino group.
Because N-e-dansyl-lysine is quite stable to acid hydrolysis, the PITC-amino acid
analysis only indicated a small fraction (20%) of Lys in fragment 5 (Table 2.2).
The dansyl-amino acid analysis positively identified Lys277 as the position of
modification (Figure 2.4).
Fragment 6 consists of 14 residues, eight with aliphatic side chains. It
contains two potential labeling sites whose dansyl-amino acid conjugates are
relatively stable to acid hydrolysis: Tyr27 and Lys29. However, dansyl-amino
acid analysis did not indicate labeling at either position. The fluorescence from
firagment 6 may be due to labeling of Seri 7 via its hydroxyl group, since the Odansyl-serine derivative is acid labile (Vaz and Schoellman, 1976). However, the
labeling of Seri 7 seems unlikely due to the low nucleophilicity of its hydroxyl
group.
Although it is not essential to assign the peptide map in order to determine
labeling sites, we assigned 21 of the 36 tryptic peptides in the map of EcoRI
endonuclease (Table 2.1). Knowing the relative retention times of the tryptic
fragments helps to estimate the retention times of labeled firagments. The dansyl
group is hydrophobic due to the naphthalene ring. The dimethylamino group with
pKa of 1.9 is not charged under the HPLC mapping condition. Incorporation of the
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dansyl chromophore generally retards the labeled peptide on the HPLC column
compared to unlabeled peptide (Tables 2.1 and 2.2).
Discussion
Precolumn derivitization by PITC followed by reverse-phase HPLC amino
acid analysis with absorbance detection offers the advantages of subnanomaolar
sensitivity, short analysis time, and easy set-up. However, without direct
identification of specific amino acid conjugates, assignment of the labeling site
sometimes can be problematic. An example is fragment 1 in EcoRI endonuclease,
where both Hisl 14 and Lysl 17 were possible reaction sites. HPLC end-group
analysis has much lower detection limit than PITC-amino acid analysis and is
useful for identifying subnanomolar amounts of longer peptides. PITC-amino acid
analysis combined with HPLC end-group analysis provides definitive identification
in cases where more than one fragment has the same N-terminal amino acid, for
example, fragments 4 and 6. HPLC analysis of dansyl amino acids can give
reliable qualitative results at picomolar sensitivity. The results of PITC-, endgroup, and dansyl-amino acid analysis support each other and correctly locate the
position of labeling. For short fragments qualitative total amino acid analysis can
also help to locate the labeling sites when combined with end-group and dansylamino acid analysis, as demonstrated for fragment 4. Quantitation of the extent of
dansyl labeling is more difficult, because of limited stability of dansyl-amino acid
conjugates to acid hydrolysis and to variation in the fluorescence quantum yields
among dansyl-amino acids (Chen, 1967).
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Modification of EcoRI restriction endonuclease by dansyl chloride could
not achieve specific labeling at the N-terminal Ser2 under numerous labeling
conditions explored: pH in the range firom 5.5 to 8.0, by either heterogeneous or
homogeneous labeling, in the presence and absence of cognate substrate oligo DNA
of EcoRI, different excess of dansyl chloride, or different reaction time. Such
exhaustive search failed to find selective labeling conditions for Ser2.
Considerable interferes resulted fiom labeling at other residues such as Hisl 14 and
Lys277, even at a low pH of 5.5, where Ser2 is not labeled. Another aminemodification fluorescent probe, fluorescamine, was also tried. Labeled EcoRI was
first cleaved at the three methionine residues (Met at 137,157, and 255) by
cyanogen bromide (CNBr) method and then Augments were separated by HPLC.
Peptide mapping indicated that fluorescemine also labeled other sites other than
Ser2. Dansyl fluoride, which had been shown to be less reactive than dansyl
chloride, also failed to achieve specific labeling. Therefore, other alternative
labeling strategies have to be considered in order to label the N-terminal residue
specifically. A promising technique is to combine site-directed mutagenesis to
replace N-terminal residue into cysteine and the cysteine specific labeling by
sulfhydryl-specific fluorescent probes.
The method presented here is a simple and efficient reverse-phase HPLC
method for identification of modification sites in proteins labeled by fluorescent
probes. The procedure combines well-known techniques in a systematic analysis:
peptide mapping, PITC-amino acid analysis, and end-group analysis. Specific
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fluorescent probe-amino acid conjugates can also be identified by reverse-phase
HPLC if they are stable to acid hydrolysis. This strategy can be generalized to the
analysis of other fluorescent labeled proteins on a nonomolar scale. The analysis is
sensitive (down to pmol), rapid and economical, requiring m inim um
instrumentation and a single HPLC column.
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CHAPTER 3
SPATIAL PROXIMITY AND DYNAMICS OF
ECORI ENDONUCLEASE N-TERMINI

Introduction
Type n restriction endonucleases are a large and important class of
sequence-specific DNA enzymes with high selectivity (Roberts and Halford, 1993).
They all need Mg^"^ as an essential cofactor for catalytic activity and hydrolyze
phosphodiester bonds to leave 5’ phosphate and 3’ hydroxyl groups. Of the more
than 2400 restriction enzymes identified ùom a wide variety of prokaryotes
(Roberts and Macelis, 1993) only a few have been studied in detail by biochemical
and biophysical techniques so far. EcoRI restriction endonuclease (EC 3.1.23.13)
is one of the best studied type II restriction enemies. It is a homodimer of 3 IkDa
of each subunit. The enzyme recognizes palindromic DNA sequence 5’-GAATTC3’ to form a two-fold symmetric complex (McClarin et al., 1986; Kim et al., 1990;
Rosenberg, 1991). In the presence of cofactor Mg^*, the enzyme cleaves at the
GpA bond at each strand to produce 4-base sticky ends.
Crystallographic (Rosenberg, 1991), genetic (Heitman and Model, 1990)
and biochemical (Lesser et al., 1990) analysis of EcoRI endonuclease has provided
key concepts of the molecular basis for stringent sequence discrimination. An
overwhelming recognition network has been proposed and amino acid residues
important for recognition and catalysis have been identified by examining the X-ray
crystal structure of an EcoRI-DNA complex (Rosenberg, 1991). Numerous
50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

51

mutagenesis studies have confîimed the assignments of the active site residues and
residues important for recognition (Wolfes et al., 1986; King et ai., 1989; Wright et
al., 1989; Grabowski et al., 1996). Residues that are outside of the protein-DNA
recognition interface but are important for both recognition and catalysis are also
identified (Heitman and Model, 1990; Flores et al., 1995). A thorough examination
on the energetic changes upon binding to specific and nonspecific substrate DNA
has provided an in depth understanding about the sequence specificity (Lesser et al.,
1990). Unlike EcoRV (Vipond and Halford, 1993; Winkler et al., 1993; Kostrewa
and Winkler, 1995) and BamHI (Newman et al., 1994; Aggarwal, 1995; Newman et
al., 1995) endonucleases, however, protein conformational changes associated with
recognition process are not known for EcoRI endonuclease.
The N-termini of EcoRI endonuclease, though not resolved in the crystal
structure (Kim et al., 1990), have been shown to be essential for DNA cleavage and
stabilize the EcoRI-DNA complex (Jen-Jacobson et al., 1986). A series of
deletions at the N-terminal segment has been made by treating the EcoRI-DNA
complex with different specific proteases. Deletion of the first four residues has no
effects on either DNA binding affinity or cleavage activity. Deletion of the first 12
residues, however, has caused a 63-fold reduction in binding affinity and
completely abolished cleavage activity. Sequence specificity is fully retained for
up to 28 residue deletion from the N-termini. But the EcoRI-DNA complex is less
stable and dissociates 68-fold faster than the intact EcoRI-DNA complex. It is
proposed that the N-terminus of each EcoRI subunit might be responsible for
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cooperating with the catalytic cleft of the other subunit to hold properly configured
DNA in apposition to the catalytic residues (Jen-Jacobson et al., 1986).
We have used site-directed fluorescent labeling and chemical crosslinking
to deduce the spatial location of the N-termini in EcoRI endonuclease. The
mobility and dynamics of the N-termini are examined by time-resolved
fluorescence emission anisotropy.
Experimental Procedures
Materials. N-(l-pyrene)iodoacetamide (PI) and N-( 1-pyrene)maleimide (PM) were
purchased from Molecular Probes, Inc. (Eugene, Oregon). 5,5’-dithiobis(2nitrobenzoate) (DTNB), and N-acetylcysteine were from Sigma Chemical Co. (St.
Louis, MO). 1,3-phenyldimaleimide (1,3-DM) was from Aldrich (Milwaukee, WI).
All other chemicals were purest grade available. Series of n, n’(methylene)bisiodoacetamide (nMBI, n=2,4, 7,10, and 12) crosslinkers with
different lengths were synthesized and purified according to the method of Ozawa
(Ozawa, 1967). Their molecular weights were confirmed by FAB-MS analysis and
their purities were 86-99% as determined by 'H-NMR analysis. Glycerol (EM
Science, Cherry Hill, NJ) used in fluorescence measurements was glass-distilled
and essentially free of fluorescent impurities. 13-mer oligonucleotide with the
sequence of 5’-TCGCGAATTCGCG-3’ was purified by reversed-phase HPLC
(Hill and Mayhew, 1990) on a C18 column (300 Â pore size, 5 pm particle size)
using a 50-min linear gradient of 15-20% buffer B (buffer A: 0.1 M
triethylaminoacetate, pH 7.0; buffer B: 0.1 M triethylaminoacetate in 70%
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acetonitrile, pH 7.0). Purified oligonucleotide (greater than 98% purity) was re
annealed and used as EcoRI substrate DNA in crosslinking and fluorescence
studies. Cell line N4830 was from Pharmacia Biotech (Uppsala, Sweden).
Phosphocellulose P-11 was from Whatman (Hillsboro, OR). Hydroxyapatite HTP
and BioRex-70 resins were from BioRad (Hercules, CA).
Site-Directed Mutagenesis. Site-directed mutagenesis was performed using THE
ALTERED SITES system from Promega Corp. (Madison, WI). The genes for
EcoRI endonuclease was from an expression vector pSCC2 in which both EcoRI
endonuclease and methyltransferase genes are under the control of a heat-inducible
bacteriophage X, P^ promoter (Cheng et al., 1984). The 241 bp upstream sequence
between Hindlll (0) and Ndel (241) in pSCC2 was deleted and a new Ncol (0) site
was introduced to leave a imique Hindlll (1960) site within the endonuclease gene
in pSCC2. The gene firagment between Mlul (1654) and Hindlll (1960) sites
containing the N-terminal sequence of EcoRI endonuclease (the first 67 residues)
from pSCC2 were cloned into pSELECT-1 vector whose Smal site had been
changed into Mlul site and mutagenesis was conducted using the double-stranded
template protocol provided. The oligonucleotide sequence carrying the Asn3Cys
mutation was 5’-GGA AAC ATG GAT ACA TGT CTT GTA AAA AAC AGT
CAA ATA GGC-3’, in which a silent mutation was made to create an Afllll
diagnostic restriction site (5’-ACATGT-3’) for screening mutants. After mutation
reaction the Mlul-Hindlll insert carrying newly created Afini restriction site in
pSELECT-1 was cloned back into modified pSCC2 expression vector, which was
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then renamed pN3C referring to Asn3Cys mutation. Correct mutation was
confirmed by DNA sequencing of pN3C and gas-phase protein sequencing of
purified N3C mutant.
Protein Purification. Wild-type and mutant protein were purified according to a
published protocol (Greene et al., 1978) with several modifications. Transformed
N4830 cells were allowed to grow at 28°C to optical density of 1.0 at 600 nm and
then temperature was raised to 42°C to induce protein expression. After growing at
42°C for 4 h cells were collected by centrifuge at 10,000xg for 10 min at 4°C. 32 g
of N4830 cell paste from 8 L of culture were sonicated in 200 mL P-11 column
buffer (0.4 M NaCl, 10 mM sodium phosphate, 7 mM P-mercaptoethanol, 1 mM
EDTA, pH 7.0) in the presence of lysozyme (0.1 mg/mL) and protease inhibitors E64 (10 pM), leupeptin (1 pM) and PMSF (200 pM). Cell lysate was centrifuged at
14,700xg for 1 h and supernatant was loaded directly onto 100-mL P-11 column
(2.5 cm ID) equilibrated with P-11 column buffer. Loaded P-11 column was
washed with column buffer until the absorbance at 280 nm decreased to baseline.
Then it was eluted with a 500 mL salt gradient from 0.4 M to 0.8 M NaCl. EcoRI
fractions were located by SDS-PAGE analysis, pooled and loaded directly onto a
30-mL HTP column (1.0 cm ID) that had been equilibrated with HTP column
buffer (0.2 M NaCl, 10 mM sodium phosphate, 7 mM p-mercaptoethanol, 10%
glycerol, pH 7.0), washed by HTP column buffer, and eluted with a 150 mL
phosphate gradient from 0.01 M to 0.5 M. Pooled EcoRI HTP colunm fi-actions
were dialyzed overnight in 2 L BioRex-70 column buffer (0.4 M NaCl, 10 mM
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sodium phosphate, 7 mM P-mercaptoethanoI, 1 mM EDTA, 10% glycerol, pH 7.0)
to remove phosphate ions and then loaded onto a 10-mL BioRex-70 column (1.0
cm ID). After washing with BioRex-70 column buffer, EcoRI was eluted with a 60
mL salt gradient of 0.4 M to 0.8 M NaCl. Purified EcoRI (24 mg) was at least 99%
pure as judged by SDS-PAGE analysis. Protein concentration was determined by
BioRad Protein assay using EcoRI standard solution whose concentration was
determined by amino acid analysis. Purified protein was stored at -70°C in EcoRI
storage buffer (0.6 M NaCl, 10 mM sodium phosphate, 7 mM P-mercaptoethanol, 1
mM EDTA, 10% glycerol, pH 7.0). Handling of EcoRI enzyme was always
performed at 4°C.
Cysteine Crosslinking. Wild-type or N3C mutant EcoRI endonuclease was first
dialyzed in labeling buffer (0.6 M NaCl, 20 mM sodium phosphate, 10 mM EDTA,
10% glycerol, pH 7.0) to remove P-mercaptoethanol with buffer exchange every
four hours and a total of four buffer exchanges. Labeling buffer was purged with
nitrogen before use. Then crosslinking reagents (0.125 pg/pL) in cold DMF were
added to 100 pL protein (0.10 pg/pL in dialysis buffer), protein-DNA (0.10 pg/pL
in dialysis buffer but NaCl concentration was 0.1 M), or protein-Mg^* (0.10 pg/pL
in dialysis buffer with 20 mM Mg^^) complex solution and mixed rapidly.
Crosslinking reagents used had equivalent molar amounts as EcoRI dimer. Final
DMF concentration was kept below 10% (v/v). Reaction mixture were incubated
on ice in the dark for 10 h. Samples were then allowed to react with 100 mM DTT
for 2 hrs and subsequently denatured by 2.5% SDS and analyzed by SDS-PAGE
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analysis. For DTNB crosslinked samples no DTT was added and a small amount of
(<10% of total band intensities) higher aggregates corresponding to tetramer or
even oligomer of EcoRI were observed. We have also found higher aggregates of
EcoRI in crosslinked samples in the following occasions: 1) aged crosslinked
samples; 2) insufficient amount of DTT; 3) insufficient reaction time with DTT.
Higher aggregates may be a result of the involvement of Cys218 in the crosslinking
reaction due to sample dénaturation. The degree of crosslinking was determined by
quantifying digitized SDS-PAGE gel pictures using the ImageQuant software firom
Molecular Dynamics (Sunnyvale, CA).
Fluorescence Labeling. N3C mutant EcoRI endonuclease was dialyzed in labeling
buffer to remove P-mercaptoethanol as above. Then 1.2-fold molar excess fireshly
made PI or PM in cold DMF (1.0 pg/pL) was added to protein solution (0.6
pg/pL). Reaction mixture was kept on ice in the dark. The amount of DMF added
was kept below 10% (v/v). Labeling reaction finished after 2 h of incubation for
PM while for PI the incubation time was allowed to go for 10 h. Excess fluorescent
probes were removed by first reacting with DTT for 2 h and then dialyzed in EcoRI
storage buffer except there was no p-mercaptoethanol added. The amount of probe
attached to protein was determined spectrophotometrially. The extinction
coefficients for PI and PM are 28000 M 'cm"' at 344 nm and 36000 M 'cm ' at 339
nm, respectively. Near stoichiometric labeling was achieved with dye/protein
molar ratio between 0.98 to 1.0. Small conjugates between N-acetylcysteine and PI
(N-Cys/PI) or PM (N-Cys/PM) were made by reacting fluorescent label with 5-fold
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molar excess N-acetylcysteine in methanol at room temperature in the dark for 24 h
and then purified by flash chromatography on a silica column.
Absorption and steadv-state fluorescence. Absorption spectra were recorded on an
AVTV 118DS spectrophotometer. Fluorescence emission was measured on a SLM
8000C photon counting spectrofluorometer in the ratio mode. Sample absorbance
was kept below 0.1 absorbance at excitation wavelength with 3 mm path length.
Emission spectra were collected with excitation polarizer set at magic angle and
emission polarizer at vertical. Fluorescence spectra were corrected for the
wavelength dependence of instrument response. Temperature was controlled at 4°C
by a circulating water bath. Sample compartment was purged with nitrogen gas to
prevent condensation.
Steady-state emission anisotropy was measured using the L-format.
Fundamental anisotropy was measured using transparent glass sample at 77K. The
sample solution was 0.6 M NaCl, 10 mM potassium phosphate, 1 mM EDTA, 50%
glycerol, pH 7.0. The emission anisotropy, r, is given by
r=(Iy^GIyft)/(Iyy+2GIyft}

(3.1)

where the first and second subscripts refer to the excitation and emission
polarizations, respectively. G is a correction factor for the polarization dependence
of the emission detection system.
Time-resolved fluorescence. Time-correlated single photon counting apparatus was
employed to determine the fluorescence lifetime and anisotropy decay. The
exciting source is a Coherent 701 DCM dye laser pumped with about 1.2 watts of
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532 nm radiation from an Antares 76-S mode-locked Nd:YAG laser. The output
beam from dye laser was passed through a BBO crystal to frequency double into
UV. UG-11 filters were used to remove the fimdamental light. The excitation
wavelength used was 320 nm. In lifetime analysis the emission polarizer was set at
55°C to the excitation polarization. The instrument response function has a FWHM
of 100 picoseconds.
Fluorescence decay data were acquired contemporaneously from a
fluorescent sample, solvent background, and a solution of coffee creamer in water
for instrument response in 1024 chaimels with calibration times ranged fi-om 10 to
80 ps/channel. The sample decay data were subtracted from background and
analyzed by deconvolution in the Global Unlimited program. The quality of the fit
is judged by reduced

weighted residuals, and autocorrelation function of the

weighted residuals.
Fluorescence intensity decay was analyzed as a sum of exponentials
/(/) = 2 ] ct/ exp(-r / T/)

(3.2)

with amplitude a, and lifetime Xj. The number of exponentials was increased
progressively until the fit stopped improving.
Fitted fluorescence decays obtained at different wavelengths were used to
construct decay associated spectra (DAS) and time-resolved emission spectra.
Decay associated spectra (DAS) was constructed according to
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to evaluate the contribution of each lifetime component to the steady-state
fluorescence emission spectrum taken at 320 nm excitation. F^(K) is the steadystate intensity of fluorescence emission.
Time-resolved fluorescence emission spectra was constructed according to
the equation
(3.4)
(Maroncelli and Fleming, 1987; Moog and Maroncelli, 1991). The spectra were
normalized to peak emission wavelength (390 nm) to show the spectral trends.
The decay of emission anisotropy

can be described as a sum of discrete exponential terms
KO = S P»exp(-r / (j),)

(3.6)

with pre-exponential factor P, and rotational correlation time ({»;. The initial
anisotropy r(0) = ^ p ,.
f
For globular proteins the rotational correlation time can be estimated by
Stokes-Einstein equation

where V, M and v are the volume, molecular weight and specific volume (0.73
mL/g) of the protein, respectively, h is the hydration (typically 0.2 g of H^O per g
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of protein), r| is solvent viscosity, R is the gas constant, and T is absolute
temperature.
The parameters for the anisotropy decay were obtained by directly fitting to
the polarization decay components Iyy(t) and lyf/t) according to the following
equations
Iy/t)=I(t)[l+2r(t)J/3

(3.8)

W t)= G I(t)[l-r(t)]/3

(3.9)

Results
EcoRI N3C mutant. We bave made EcoRI N3C mutant and purified the protein to
homogeneity. During the purification process lysozyme was used to enhance cell
lysis and also greatly reduced the volume of the sonication buffer and subsequent
time needed to load onto P-11 column. The salt concentration in column buffers
for both P-11 and BioRex-70 columns was increased to 0.4 M firom the traditional
0.2 M (Greene et al., 1978). 10% glycerol was added to all column buffers after P11 to stabilize the enzyme. Both wild-type and mutant EcoRI enzymes were eluted
at the expected salt concentration on these columns (Greene et al., 1978). They
were all active towards EcoRI substrate DNA and cleaved X.-DNA to give the same
cutting pattern on agarose gel electrophoresis (not shown). The UV spectrum for
N3C mutant is the same as that of the wild-type with its maximum at 278 nm
(Modrich and Zabel, 1976). N3C mutant could be easily labeled by fluorescent
labels PI and PM. Labeling reaction for maleimide moiety is much faster than
iodoacetamide moiety, as determined by reversed-phase HPLC analysis of labeled
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enzyme using both UV detection at 280 nm and fluorescence detection at 330 nm
excitation. The wild-type enzyme, however, could not be labeled even after 10 h
incubation. When near stoichiometric amount of labels were used as indicated in
the Experimental Procedures, close to stoichiometric labeling was achieved. The
equilibrium binding constants for a 24-mer oligonucleotide (5’-G GGC GGG TGC
GAA TTC GGG GGC GG-3’) were determined to be the same order o f magnitude
for wild-type (8.7 ± 0.3 x 10'® M '), N3C mutant (7.4 ± 0.3 x 10'° M '), and PI
labeled N3C mutant (N3C/PI) (5.7 ± 0.4 x 10'® M''), and PM labeled N3C mutant
(N3C/PM) (3.4 ± 0.5 x 10'® M ').
Steady-state Fluorescence. UV absorbance spectra for PI and PM labeled EcoRI
N3C mutant, N3C/PI and N3C/PM, are shown in Figure 3.1. Both spectra show
typical protein absorbance at 278 nm and pyrene absorbance at 340 nm. Also
shown are the absorbance spectra for conjugates of N-acetylcysteine with PI and
PM, respectively. Compared to small conjugates, N3C/PI (Figure 3.1 A) and
N3C/PM (Figure 3.IB) both have less structured and red-shifted pyrene absorbance
spectra, indicating some environmental effects on the fluorophore. Steady-state
fluorescence emission spectra for N3C/P1 and N3C/PM are shown in Figure 3.2 and
3.3, respectively.
Both labeled enzymes have structured pyrene monomer emission at 380 nm.
However, N3C/PI also shows profound pyrene excimer fluorescence, an
unstructured, red-shifted emission centered at 470 nm. Such excimer fluorescence
is emitted from excited pyrene-pyrene dimers that are generally formed between an
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Figure 3.1. UV absorbance spectra o f (A) N3C/PI and (B) N3C/PM. Labeled
proteins are shown by solid lines and labeled N-acetylcysteines are by dashed lines.
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Figure 3.2. Normalized steady-state fluorescence emission spectra ofN3C/PI at
different concentrations: a, 15 pM; b, 10 pM; c, 5 pM; d, 0.5 pM. e is the emission
spectrum for PI labeled N-acetylcysteine normalized to spectrum a at their
maximum monomer intensity. Inset shows the concentration independence of
excimer (475 nm) to monomer (385 nm) intensity ratio. Excitation wavelength was
340 nm.
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Figure 3.3. Normalized steady-state fluorescence emission spectra for PM labeled
protein (solid line) and N-acetylcysteine (dashed line) excited at 340 nm. Inset
shows the difference between these two spectra in the wavelength range of 420-600
nm.
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excited pyrene and a ground state pyrene during pyrene excited-state lifetime
(Birks, 1970). The pyrene planes are parallel and interplanar distance is about 3.5
A (Birks, 1975). Excimers are dissociative at their ground state. N3C/PM does not
show as much excimer fluorescence as N3C/PI, which may be due to the extra
maleimide ring and more rigid chain linkage that reduces correct orientation of
excimer complex. Excimer fluorescence in N3C/PM is obvious after subtracting
small conjugate fluorescence at excimer emission wavelengths (Inset of Figure
3.3.).
Excimer fluorescence of N3C/PI is not concentration dependent (Figure
3.2), consistent with intramolecular excimer formation. Intermolecular pyrene
formation requires that two pyrene fluorophores, one in excited-state and the other
ground-state, diffuse together during the lifetime of the excited molecule. Such
process is concentration dependent (Soutar et al., 1974). In order to form excimer
through such process the concentration of pyrene molecules in solution has to be at
least 100 pM (Birks, 1975). The pyrene excimer in N3C/PI can be formed at a low
concentration of 0.5 pM, and the extent of excimer formation, expressed as the
fluorescence intensity ratio of excimer (475 nm) to monomer (385 nm), does not
change from 0.5 to 16 pM N3C/PI (Inset of Figure 3.2). Although the extent of
excimer formation is not as much as that of N3C/PI, excimer formation can still be
observed at 0.5 pM of N3C/PM, and the extent of excimer formation is also
concentration independent from 0.5 pM to 15 pM of N3C/PM. Intramolecular
pyrene excimer formation indicates that the two N-termini of EcoRI endonuclease
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dimer are in close proximity, a structural feature that enables pyrene moieties to be
very close to form excimer even at very low concentrations.
Both N3C/PI and N3C/PM fluorescence emissions are also excitation
wavelength dependent. When excited at 340 run, both monomer and excimer
fluorescence are observed (Figure 3.2). However, when excited at 400 nm, where
pyrene chromophore has no absorbance, only excimer fluorescence are observed
(Figure 3.4). This clearly indicates the existence of a new pyrene species that is
different firom pyrene monomer. Combined with the phenomenon of an
unstructured and red-shifted absorbance spectra of N3C/PI (Figure 3.1A), which is
exactly like the excitation spectrum of a pyrene ground-state dimer taken at 470 nm
(Yorozu et al., 1982), a pyrene ground-state dimer in N3C/PI is thus very possibly
formed. Substrate or cofactor binding apparently does not change the feature of
excimer formation in either N3C/PI or N3C/PM, nor does it change the extent of
excimer formation, or the concentration independence of excimer formation, or the
excitation wavelength dependence of fluorescence emission, as shown by the
identical emission spectra of N3C/PI and N3C/PM bound to a 13-mer cognate
DNA oligonucleotide (2.7 pM protein-DNA complex) or Mg^^ (16 pM proteinMg^* complex) as the spectra of N3C/PI and N3C/PM alone (2.7 pM or 16 pM).
These results indicate that substrate and cofactor binding do not change the interpyrene distance and that the N-termini are still in proximity even in the enzyme
complexes.
Cysteine Crosslinking. The proximity relationship of the N-termini of N3C mutant
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Figure 3.4. Excitation wavelength dependence for the fluorescence emission
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monomer highest intensity. Spectrum of 400 nm excitation wavelength is not
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EcoRl endonuclease dimer is further demonstrated by chemical crosslinking of the
sulfhydryl groups at Cys-3 using bifunctional reagents 1,3-DMI, 2MBI, and DTNB,
which reacts with cysteine sulfhydryl groups through maleimide and iodoacetamide
functional groups, and sulfhydryl-disulfide exchange reactions, respectively.
Covalently crosslinked dimers were formed in N3C mutant as shown by SDS-PAGE
analysis of the reaction mixture in Figure 3.5. Wild-type enzyme could not be crosslinked, although EcoRI endonuclease has a cysteine at position 218. Thus, intra
molecular crosslinking occurred at Cys-3 and not the unreactive Cys-218. Likewise, no
apparent higher oligomers resulting from crosslinks between Cys-3 and Cys-218 in N3C
was observed under appropriate conditions (see Experimental Proce-dures). This is also
consistent with the fact that wild-type enzyme could not be labeled by the fluorescent
probes used in this work. In an attempt to find out the actual distance between the two
Cys-3’s, we have used crosslinkers with different lengths (nMBI, n=2,4, 7, 10, and 12)
in the crosslinking reactions (Table 3.1). The extent of crosslinking was constant fi’om
n=2 to 7, but drops considerably for n=10 and no crosslinking was observed for n=12,
indicating the actual distance for the two Cys-3’s is less than 21 Â, the length of
crosslinker 12MBI. While the shortest distance could be just 2.5 A, the disulfide bond
length. Binding of cognate DNA and cofactor ion Mg^* apparently had no effect on the
extent of crosslinking, indicating the distance between the two N-termini of
endonuclease homodimer is the same in the presence or absence of substrate or cofactor.
Such result is also consistent with the fact that neither cognate DNA nor Mg^* ion
changed the excimer fluorescence of N3C/PI and N3C/PM.
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M

Figure 3.5. SDS-PAGE of crosslinking reaction mixtures of wild-type and N3C
mutant of EcoRI endonuclease. Samples in each lane are: 1, wild-type + 2MBI; 2,
N3C alone; 3, N3C + DTNB; 4, N3C + 1,3-DMI; and 5, N3C + 2MBI. Monomer
(M) and dimer (D) bands are also indicated.
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Table 3.1. Crosslinking of Cys3 residues in N3C mutant with nMBI (n=2,4, 7,10,
and 12), 1,3-DMI, and DTNB. Maximum distance between sulfur atoms in
dicysteine conjugate was calculated using QUANTA.
% Crosslinking
n

N3C

N3C + DNA

N3C + Mg""

S-S Distance (A)

2

37

31

30

11

4

34

33

34

12

7

35

32

37

14

10

9

11

5

19

12

0

0

0

21

1,3-DMI

63

-

-

10

DTNB

46

50

55

2
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Time-Resolved Fluorescence Emission Spectra of N3C/PI. Fluorescence decay of
pyrene in protein is complex. Three lifetime components were resolved when the
time of calibration (TJ was below 80 ps/channel. When Tg of 165 ps/channel was
used, a forth lifetime which was probably >100 ns appeared. This longest lifetime
was too long to be determined accurately in the range of our instrument. However,
analysis of fluorescence decays collected using Tc=40 ps/channel always resulted
in three lifetime components of around 0.8,4, and 25 ns, respectively, across the
wavelength range of 380-560 nm (Table 3.2). Global analysis of linked files over
all wavelengths resulted in an unacceptable

(4.7), indicating the wavelength

dependence of these lifetimes (Table 3.2). However, lifetime (Figure 3 .6 A) and
amplitude (Figure 3.6B) plots could not enable the assignment of each lifetime
component to corresponding fluorescence species (monomer or excimer). The
contribution of each lifetime component to the steady-state fluorescence emission
spectrum was plotted in decay-associated spectra and shown in Figure 3.7. The
long lifetime component has the largest contribution to monomer intensity, while
the short lifetime component has the least contribution to monomer and excimer
intensities. Such recovered decay parameters were also used to construct timeresolved emission spectra (Maroncelli and Fleming, 1987; Moog and Maroncelli,
1991). Figure 3.8 shows normalized time-resolved emission spectra for PI labeled
EcoRI N3C mutant. Two important features are found. First, the relative intensity
around excimer position (475 nm) decreases in the early times and then increase
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Table 3.2. Decay parameters o f N3C/PI at various excitation wavelengths. Data in
parenthesis are from linked global analysis. Lifetimes of N-Cys/PI was determined
at 400 nm emission wavelength.

Excitation
Wavelength
(nm)
380

(ns)

al

(ns)

al

1.07

0.35 (0.26)

5.34

0.40 (0.52)

22.57

0 2 5 (022)

1.4 (4.4)

390

0.88

0.35 (0.28)

4.86

0.42 (0.53)

21.07

0 2 3 (0.19)

1.6 (5.6)

400

0.86

0.37 (0.32)

4.70

0.41 (0.52)

20.72

022 (0 .1 6 )

1.4 (4.9)

410

0.73

0.37 (0.34)

426

0.43 (0.52)

19.33

0.20(0.14)

1.8 (5.6)

420

0.78

0.39 (0.36)

4.43

0.44(0.51)

20.33

0.17(0.13)

2.1 (5.0)

430

0.60

0.40 (0.41)

4.00

0.46 (0.49)

19.00

0.14(0.10)

1.9 (3.5)

440

0.63

0.39 (0.40)

4.22

0.48 (0.48)

22.79

0.13(0.12)

1.8 (2.0)

450

0.69

0.35 (023)

421

0.54 (0.71)

23.80

0.11 (0.06)

1.7 (8.4)

460

0.67

0.34 (0.42)

4.18

0.57 (0.50)

25.13

0.09 (0.08)

1.7 (2.8)
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Figure 3.6. Lifetime (A) and amplitude (B) plots for long ( a ), medium ( • ) , and
short (■) lifetime components ofN3C/PI.
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after 20 ns (Figure 3.8 A). The decrease of excimer intensity indicates that there is a
possible back reaction from pyrene excimer to monomer. Pyrene is known for its
excimer formation (Birks, 1970; Birks, 1975). From steady-state study we have
observed possible pyrene ground-state dimer formation (Figure 3.1 and 3.4). In
time-resolved measurements we did not detect any rise time around 475 nm which
is pyrene excimer band or obtain any negative amplitudes for any of the decay
components. Therefore the steady-state emission band around 475 nm is due in
part to the excitation of pyrene ground-state dimer (Birks, 1975). The decrease of
relative intensity around 475 nm is probably due to the physical movement of the
N-terminal segment resulting in the separation of the two pyrene molecules. While
the increase of excimer intensity after 2 0 ns indicates the re-formation of pyrene
excimer due to the closeness of an excited pyrene monomer and a ground-state
pyrene monomer as a result of N-terminal segmental movement. Quantitation of
the intensity decrease process at early times was made by constructing the spectral
response function. The spectral response function for the decrease of excimer
intensity, C(t), at 470 nm was constructed according to (Maroncelli and Fleming,
1987; Moog and Maroncelli, 1991)

and is plotted in Figure 3.9. The decrease of C(t) with time is a sum of
exponentials (Figure 3.9). Change of C(t) with time can be best described by
C(t)=Q.%1*exp(-t/0.72) + 2.52*exp(-t/3.74) - 2.33*exp(-t/l.90). The first time
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component (0.72 ns) was attributed to the overall movements of pyrene molecule
and its very close vicinity that result in the dissociation o f pyrene excimers. While
the second time component (3.74 ns) was attributed to the movements of Nterminal segmental motions that dissociate pyrene excimers. The last time
component (1.90 ns) was attributed to the re-formation of pyrene excimers due to
the overall motions from both pyrene molecule and N-terminal segment. Its
negative amplitude was an indication of increase of pyrene excimer population.
Considering the pyrene molecule as a sphere with its radius of 5.6 A, in the
EcoRI buffer solution (0.6 M NaCl, 10 mM potassium phosphate, 7 mM Pmercaptoethanol, 1 mM EDTA, 10% glycerol, pH 7.0) the one dimensional
distance a pyrene molecule would travel through translational movement in 0.72 ns
is calculated by
(A x ') = 2D t,

(3.11)

kT
where D = - — - is the diffusion coefBcient for pyrene small probe, k, ti and T are
67rr|/{

Boltzmann constant, viscosity of the media and absolute temperature, respectively.
The radius of pyrene molecule R is about 5.6 A. The resulted distance is 3.9 A.
Such distance separation will “pull” the pyrene excimer apart (remember that the
interpyrene distance is around 3.5 A in pyrene excimer) and subsequently decrease
excimer intensity.
The second feature is the shift of the spectra (Figure 3.SB). The red edge of
the monomer band blue shifts as the time increases. In 50 ns the spectra blue shifts
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about

10

mn, which is about the same wavelength as the steady-state emission

spectra of N-Cys/PI. The shift is obviously not due to solvent relaxation process
which usually produces red-shifts. Such observations indicate heterogeneous
surroundings of pyrene probe and interactions between pyrene and protein surface.
The emission spectra of N3C/PI is broad and red-shifted compared to that of free
N-Cys/PI conjugate, which is freely exposed to solvent (Figure 3.2). The redshifted monomer spectra of N3C/PI indicates the presence of pyrene monomers that
are on protein surface and directly interacts with protein. Such pyrene monomers
are in a less polar environment than N-Cys/PI is. Therefore the spectral shift may
be due to the environmental changes around pyrene monomers as a result of the
translational movement of the N-terminal segment from protein surface into
surrounding solvent.
The time course of such shift can be estimated again by constructing the
similar spectral response function:

where v (oo) is chosen at 50 ns. The intensity points were taken from 0.65 of
Figure 3.8 B. Constructed spectral response plot is shown in Figure 3.10. Change
of C(t) with time can be best described by C(()=0.23*exp(-t/0.95) + 0.63*exp(t/12.0) + 0.15. Again the first time component (0.95 ns) is attributed to the
movement of pyrene molecule and its very close vicinity away from protein surface
and the second time component (12.0 ns) is attributed to the movements of N-
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terminal segment. The average distance migrated by one dimensional translational
movement of a pyrene molecule in 0.95 ns is estimated again by equation 3.11.
Calculated displacement is 4.8 Â which is a little less than the radius o f a pyrene
molecule. Movement of such a distance will place pyrene monomers from protein
surface into a more solvent accessible environment, finally resulting in the emission
spectrum that is the same as that of free pyrene probes in solution.
Time-Resolved Fluorescence Anisotropv Decavs. Time-resolved fluorescence
anisotropy decay data of both N3C/PI and N3C/PM were collected at 400 nm
emission wavelength. Time scale ranged from 15 ps/charmel to 165 ps/channel.
For N3C/PI or N3C/PM alone and their DNA or cofactor Mg^* complexes, the
anisotropy decay could be best described by a sum of two rotational correlation
time components. The results are listed in Table 3.3-3.5. The short rotational
correlation time (1-4 ns) represents the independent motion from probe and its
close vicinity while the long one represents the protein global motions. The
estimated global rotational correlation time ((j)) for EcoRI dimer in its buffer with
10% glycerol at 4°C can be calculated from Stokes-Einstein equation. The
estimated (j) is about 73 ns, which is very close to the value obtained by anisotropy
decay analysis. Since the rotational correlation time for a free small conjugate (NCys/PI or N-Cys/PM) is only around 300-400 ps (Table 3.3), the observed around
1-4 ns rotational correlation time for N3C/PI or N3C/PM probably is an average of
the movements of the probe alone and N-terminal segment. The time scale for the
overall movement of probe molecule and its very close vicinity (0.72ns, 0.95 ns)
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Table 3.3. Anisotropy decay analysis for N3C/PI and N3C/PM performed at 400 nm. Standard errors are based on at
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-77 “K as stated in Experimental Procedures.
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Table 3.4. Anisotropy decay analysis for N3C/PI and N3C/PM complexed with cognate DNA. Emission wavelength
was at 400 nm. Standard errors are based on at least three measurements.
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Table 3.5. Anisotropy decay analysis for N3C/PI and N3C/PM complexed with cofactor Mg^^. Emission wavelength
was at 400 nm. Standard errors are based on at least three measurements.
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obtained firom time-resolved emission spectra (previous section) is also at the same
level as rotational correlation times recovered here. From the relative P value the
of each motion the percentage of such averaged movement is estimated to be
around 21% (28% for N3C/PI and 14% for N3C/PM), i.e., about 79% of the probe
population are moving along with protein global motions. Less probe independent
movement in N3C/PM (14%) than that in N3C/PI (28%) is probably due to the
maleimide ring and more rigid linkage of PM.
When DNA is bound to N3C/PI or N3C/PM, the obtained anisotropy decay
parameters are somewhat different (Table 3.4). Decay process could still be
described by a sum of two rotational correlation times. The smaller one was
assigned to the independent movement of the probes and the N-terminal segment
and the long one was assigned to the global movement of the complex. However,
the relative P values are different firom those in uncomplexed protein. The probe
fi-ee motion was increased firom 28% to 48% for N3C/PI and 14% to 18% for
N3C/PM. So DNA binding apparently induced more mobile N-termini in EcoRI
dimer.
Anisotropy decay data for cofactor Mg^^ bound N3C/PI are listed in Table
3.5. Decay parameters are again fitted with two rotational correlation times.
Surprisingly, cofactor binding also increased the amount of mobile probes at an
extent comparable with that caused by DNA binding (28% to 31% for N3C/PI and
14% to 20% for N3C/PM). However, in all cases, the majority of the probe
population are still moving with protein global motions.
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Discussion
Site-directed fluorescent labeling has been successfully used in this work to
elucidate the spatial relationship of N-termini of EcoRI homodimer. Mutation at
Asn3 did not introduce any apparent adverse effects on binding and cleavage
activity of EcoRI endonuclease. The binding constant for N3C is 85% as that of
wild-type. Binding constant dropped 35% for N3C/PI and 61% for N3C/PM,
although such binding constants would still ensure tight complex formation.
Retention of biochemical activity is expected since deletion of the first four
residues in wild-type enzyme did not affect enzyme properties (Jen-Jacobson et al.,
1986). Therefore, Asn3Cys mutant can be used as a model of wild-type enzyme for
studying the structure emd dynamics of the N-termini of EcoRI endonuclease dimer.
Spatial proximity of N-termini of EcoRI homodimer is first revealed by the
excimer formation from pyrene fluorescence of PI labeled protein. Excimer
formation of pyrene derivatized macromolecules is widely used to probe spatial
proximity between two pyrene moieties. The extent of excimer formation generally
reflects the population of proximal pyrenes. In pyrene crystal, where the whole
population of pyrene fluorophores are uniform ground-state pyrene dimers, only
excimer fluorescence is observed when excited at monomer wavelength (Birks,
1975). In our system, the excimer to monomer intensity ratio stays around 26% (at
340 nm excitation), which could possibly be due to a number of reasons including
the low population of proximal pyrene molecules, or the rapid decay of pyrene
excimers during their excited state, or the rapid dissociation of excimers as revealed
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by time-resolved emission spectra. Although it has been shown that pyrene could
interact with primary amines to form exciplex which also emit at excimer
wavelengths (Pranis and Klotz, 1977), the extent of excimer formation in NC/PI
apparently could not be attributed to exciplex formation, which gives maximum
excimer to monomer intensity ratio of only about 4-5% at high amine
concentrations (>10 mM). The much lower extent of excimer formation of
N3C/PM is probably due to the extra maleimide ring which could reduce the
possibility of two pyrene planars coming close to each other.
The excimer emission band at 470 nm might be due to excimers that formed
only through diffusion of two pyrene fluorophores, one at excited state and the
other at ground state. However lifetime studies did not find any rise time at 470 nm
or any negative amplitudes in the fluorescence decay. This evidence, plus the
different absorbance spectra of pyrene-labeled enzyme from that of small probe
alone, and the excitation wavelength dependence of pyrene excimer fluorescence,
let us conclude that the excimer band includes excitation of pyrene ground-state
dimers. Ground-state pyrene dimers have been observed in a number of systems,
including pyrene in y-cyclodextrin (Yorozu et al., 1982), pyrene clusters in
supercritical carbon dioxide (Sun, 1993), and bis(pyrenecarboxy)alkanes (Reynders
et al., 1990). In all cases ground-state dimers show red-shifted absorption spectra
compared to monomer and excitation wavelength dependence of the fluorescence at
excimer wavelength. Excitation spectra obtained at monomer band corresponded to
free pyrene fluorophore absorption spectra while those at excimer band
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corresponded to the red-shifted ground-state dimer absorption spectra. Observance
of pyrene ground-state dimer in biological systems, however, has not been reported.
The proximity of N-termini is also supported by the crosslinking studies.
EcoRI endonuclease aggregates to higher oligomers under some conditions
(Modrich and Zabel, 1976; Jen-Jacobson et al., 1983). Therefore, crosslinking
reactions were carried out under conditions in which EcoRI endonuclease is a dimer
(Jen-Jacobson et al., 1986). Various crosslinking reagents can covalently join the
two subunits together through Cys-3 on each polypeptide chain. Different
reactivities between different crosslinking reagents (DTNB, 1,3-DM, and 2MBI)
prelude estimation of inter-cysteine distances. However, using a series of
crosslinkers with different lengths but same reactive functional groups (nMBI),
such distance could be estimated. Dropping of crosslinking efficiency at longer
crosslinker length is probably due to the limiting short inter-cysteine distance and
decreased probability for one-end reacted crosslinkers to swing back to react at
longer lengths. The wide range of possible inter-cysteine distance from 2.5 to 19 A
reflects the dynamics of N-termini.
X-ray crystal structure of an EcoRI-DNA complex (Kim et al., 1990) shows
that the two Cys218 residues are on the opposite sides of the EcoRI subunit
interface. Their sulfhydryl groups are buried in protein while a-carbons are
exposed on protein surface. The through-space distance between their a-carbons is
30 A, which renders it impossible for the crosslinking between Cys218 residues if
they are reactive. Likewise, there would be no excimer formation if both Cys218
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residues are labeled by PI or PM. The first resolved N-terminal residues, Seri 7, are
on the opposite sides of EcoRI dimer and the distance between them gives the
longest dimension o f the complex, 70 Â. Through-space distances between Seri 7
and Cys218 are 20 and 49 A for intra- and intersubunit residues, respectively. Close
proximity, if existed, between Cys3 and Cys218 on the same subunit could possibly
lead to excimer formation if both were labeled by PI or PM, but crosslinking between
Cys3 and Cys218 on the same subunit would not generate covalently linked EcoRI
dimer. The length o f fully extended N-terminal segment of first 15 residues (Ser2 to
Leu 16) is about 44 A, so it is unlikely for the N-terminal segment to reach the
vicinity of Cys218 of another subunit, by either penetrating dimer body through
interface, which would leave a better chance for its location to be resolved by X-ray
studies, or crawling over the dimer surface due to its length limit (the surface
distance from Seri 7 toCys2l8 is estimated to be greater than 50 A). Therefore,
Cys218 residues are unreactive to sulfhydryl-modifying reagents and crosslinking
between Cys3 and Cys218 of different subunits is very unlikely to occur. The
observed excimer formation and chemical crosslinkings are solely due to the
closeness of the two Cys3 of N-termini. Higher aggregates of crosslinked EcoRI,
due to the involvement of Cys218 in the crosslinking reaction, were only observed
under the conditions which would lead to protein dénaturation and subsequently the
exposure of Cys218 to crosslinking reagents (see Experimental Procedures).
Time-resolved fluorescence studies has gone one step further in investigating
the dynamic properties of N-termini. The intensity changes at excimer position (475
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nm) are due to the physical closeness and separation of the N-termini that allows
formation and dissociation of pyrene dimers. The different populations of pyrene
monomer is revealed by the spectral shift in time-resolved emission spectra. Blue
shift reflects the diftusion of N-termini away from the protein surface. Therefore,
time-resolved studies indicates there are at least three categories of pyrene
fluorophores; monomers that are on protein surface, monomers that are in aqueous
solution, and ground-state dimers (presumbly on the protein surface also).
Anisotropy decay studies indicate two rotational correlation times for pyrene
monomers in both complexed and uncomplexed enzymes. Two populations of
pyrene was identified via anisotropy decay analysis: one minority population that are
undergo free rotations and the rest majority population that are moving with protein
global motions. Such result is also in consistent with what found through timeresolved emission spectra studies. The short rotational correlation times, which are
on the same level as the time course of probe overall motions obtained by timeresolved emission spectra analysis, is probably an integrated one from both free
monomer probes alone and the N-terminal arm (segmental) motion.
Variations in the vibration band of single pyrene molecule have been
observed under the solvent perturbation. In polar solvents, the intensity of forbidden
vibrational bands (corresponding to 0 - 0 transition in particular) is increased and such
properties have been used as an index for probing solvent polarities (Dong and
Winnik, 1984). However, such properties of pyrene molecules are not conserved
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for PM due to possible interactions between polar groups and pyrene ring and PM
has been shown to be not suitable for probing solvent polarities (Lux and Gerard,
1981). Therefore, cautions should also be taken when trying to explain the solvent
effects on PI fluorescence. However, time-resolved emission spectra of N3C/PI
revealed the existence of pyrene molecules that are on the protein surface.
Fluorescence anisotropy decay studies also indicated that the majority population of
PI (72%) or PM ( 8 6 %) are moving with protein global motions and thus may be
rigidly attached onto protein surface. The fact that there are more PM than PI
moving with protein global motion may be due to the more rigid structure of PM.
The first 16 N-terminal residues are Ser-Asn-Lys-Lys-Gln-Ser-Asn-ArgLeu-Thr-Glu-Gln-His-Lys-Leu (the first residue fMet is not present). 5 of them are
charged at neutral pH. All residues are hydrophilic except the two Leu residues at
position

10

and 16. It is quite possible for these residues to be on the protein

surface other than packed in protein body. This is supported by both time-resolved
emission spectra and anisotropy decay analysis in this study. The fully extended
structure of the first 16 residues would give a length of 44 A. Molecular modeling
with canned Momany program in QUANTA predicts a possible formation of 1.5
turn of a-helix firom residues 7 to

12

resulting a 19 A extended chain from residues

2-7, a close to 90° turn, and another extended chain of 15 A from residues 13-16.
This will give a direct distance of 24 A from Ser2 to Seri 6 . However, such an
ordered secondary structure might be more likely to be resolved in the X-ray crystal
structure.
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BamHI endonuclease has been shown to have structural similarities to
EcoRI, although it is much more compact than EcoRI (Newman et al., 1994;
Aggarwal, 1995). In BamHI and EcoRI, many structural elements are arranged in a
similar manner. In particular, a substructure consisting of five |3-strands and two ahelices (p3-p7, a4 and a 6 in BamHI, and pi-PS, a4 and a5 in EcoRI) can be
superimposed with an overall root mean square error of ~ 2 A. This substructure,
referred to as the common core motif, contains the majority of the active site, DNA
cleft, and dimer interface residues. The N and C termini of these two proteins are at
the opposite sides of the common core motif, and two analogous a-helices (a 2 and
a7 in BamHI, and a 6 and a l in EcoRI) run in opposite directions in the two
enzymes. The a7 helices at the C-termini of BamHI dimer become unfolded upon
binding of specific DNA. Helix a7 firom the L subunit folds back towards the core
of the protein and a7 from the R subunit wraps DNA from the side distal to subunit
interface by binding to the minor groove of DNA (Newman et al., 1995). While in
the EcoRI-DNA structure, the N-terminal segments just before helices a l (which
are the counterparts of a7 helices in BamHI), consisting of the first 16 residues of
the polypeptide, is not resolved (Kim et al., 1990). However, since wrapping of
DNA is accomplished by the iimer (residues 116-147) and outer (residues 171-199)
arms (whose counterparts are absent in BamHI) of EcoRI, an unfolding change
similar to the C-termini of BamHI of the N-termini of EcoRI associated with
specific DNA binding is unlikely to occur, even provided that there is an ordered
secondary structure for the N-termini.
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Given the condition of two-fold symmetry of EcoRI dimer (Kim et ai.,
1990) and proximity of the N-termini, the most likely place for N-termini are
around the dimer interface where two subunits interact. Such interface is mainly
composed of the four parallel helices and two crossed loops. The two helices form
a four helix-bundle with another pair of helices from opposing subunit at the center
of the dimer complex. The four helix-bundle contains most of the DNA
recognition residues and its amino termini are sitting in the major grove of DNA.
The molecular two-fold axis also passes through the center of this bundle. Because
of the tight packing in this region, it is unlikely for N-termini to be located here and
not resolved by X-ray crystallography studies. The two crossed loops are at the
opposite side of DNA binding and also on the surface of the protein. Each loop is
composed of residues from 221-232 of each subunit. The distances from these
residues to Seri 7, the first resolved residue in each subunit in crystal structure, are
around 35-40 Â. A fully extended chain of the first 16 residues gives a length of 44
A, which is long enough to reach to this region. Another supporting evidence for
N-termini to be within this region comes from the fact that the proximity is not
affected by DNA binding, as revealed by chemical crosslinking studies.
Anisotropy studies argues against the possibility for N-termini to be located in
DNA binding or active site regions, since DNA or cofactor binding caused Ntermini to be more mobile. If the N-termini is located in the above mentioned loop
region and also in close proximity, then the two N-terminal segments from each
subunit could be viewed as a “long open” loop as defined by Martin et al (Martin et
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al-, 1995). This long loop spans protein dimer body and connects the first a-helices
of each subunits. According to their study (Martin et al., 1995) the first 16 Nterminal residues of EcoRI are well suited for forming such a long loop. If this is
the case, then any perturbation at N-termini (such as deletion) should led to protein
conformational changes. The induced conformational changes could be a global
instead of local one due to the unique location of the N-termini. Consequently,
deactivation of enzyme could occur, although the active sites and N-termini are not
close to each other. However, the exact location of N-termini needs to be verified.
It can be determined by measuring the distance firom N-termini to Trp246 through
fluorescence energy transfer measurements.
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CHAPTER 4
TRYPTOPHAN FLUORESCENCE AND ENERGY TRANSFER STUDIES
OF ECORI RESTRICTION ENDONUCLEASE MUTANTS

Introduction
EcoRI (EC 3.1.23.13) is by far the most extensively studied type II
restriction endonuclease (Heitman, 1992). The catalytic form o f EcoRI is a
homodimer of 31 kDa of each subunit (Newman et al., 1981). The enzyme
recognizes the six base pair palindromic sequence
5’-GiAATTC-3’
3’-CTTAAtG-5’
with high specificity and in the presence of cofactor Mg^^ it cleaves DNA within
the recognition sequence at arrows indicated. It also binds to DNA nonspecifically
(Langowski et al., 1980; Terry et al., 1983) and makes use of linear diffusion to
find its target sites (Jack et al., 1982; Enbrecht et al., 1985; Terry et al., 1985).
Certain buffer conditions (low salt, basic pH, glycerol) or cofactors (Mn^* instead
of Mg^3 favor scission at additional DNA sequences that usually differ by one
nucleotide from the canonical substrates, a phenomenon known as EcoRI* (star)
activity (Polisky et al., 1975; Tikchonenko et al., 1978). Based on crystallographic
(McClarin et al., 1986; Kim et al., 1990; Rosenberg, 1991), kinetic (Terry et al.,
1987), thermodynamic (Ha et al., 1989), and genetic evidence (Jen-Jacobson et al.,
1983; Jen-Jacobson et al., 1986; King et al., 1989; Wright et al., 1989; Heitman and
Model, 1990; Flores et al., 1995), an “allosteric activation” mechanism that couples
97
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sequence specific recognition and catalysis has been proposed, i.e., sequence
specific DNA interactions induce conformational changes in the EcoRI enzyme that
allosterically couple DNA binding and scission. However, direct structural
information concerning such conformational changes associated with specific
binding is still not available.
Protein conformational changes induced by specific DNA binding have
been demonstrated by the crystal structures of BamHI (Newman et al., 1994;
Newman et al., 1995) and EcoRV (Vipond and Halford, 1993; Winkler et al., 1993;
Kostrewa and Winkler, 1995) in the forms of apoproteins and specific protein-DNA
complexes. Crystal structures of BamHI complexed with cognate DNA has shown
amazing similarities to that of EcoRI endonuclease (Kim et al., 1990; Rosenberg,
1991). Their central structural motifs (common core motif) where the majority of
active site, DNA cleft, and dimer interface residues reside can be superimposed
with an overall root mean square error of ~2Â. Specific binding of DNA induces
protein conformational changes in BamHI, including the closure of the intersubunit
cleft by 19°, local folding of residues 79 to 91, and most strikingly, the unfolding of
the C-terminal a-helix a ? for contacting DNA (Newman et al., 1995). The
topologies for the secondary structures of these two enzymes run in opposite
directions (Newman et al., 1994). So the counterpart of a7 in BamHI is the first ahelix a l in EcoRI endonuclease. Interestingly, the location and structure for the
first 16 residues just before a 1 in the specific EcoRI-DNA complex is not resolved
(Kim et al., 1990). This unresolved segment has been shown to be essential for
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DNA cleavage and stabilizes protein-DNA complex (Jen-Jacobson et al., 1986).
Deletion of the first 12 residues completely abolished cleavage activity and
weakened binding affinity to cognate DNA 63-fold. However, deletion of the first
4 residues had no effects on either binding affinity or activity. The N-terminal
segments of EcoRI dimer have been suggested to be involved in the allosteric
activation process (Jen-Jacobson et al., 1986).
In the previous chapter we have shown evidences that N-terminal segments
are in close proximity in EcoRI dimer by chemical crosslinking and fluorescence
studies of EcoRI AsnSCys mutant. The N-termini have their major population on
the protein surface and possibly involved in the subunit interactions at the dimer
interface. Cognate DNA and cofactor Mg^* binding have no effects on the
proximity and location distributions of the N-termini. EcoRI endonuclease has two
tryptophans at positions 104 and 246. Previous work has indicated that changes in
total tryptophan fluorescence are small upon DNA binding (Jhon et al., 1988; Alves
et al., 1989). In this chapter we have made an EcoRI double mutant by replacing
Trpl04 with tyrosine while keeping the wild type Trp246 and replacing Asn3 with
cysteine. Cys3 is specifically labeled by fluorescent probes and the spatial distance
between Cys3 and Trp246 in the double mutant is determined by fluorescence
energy transfer studies (Stryer, 1978). The effects of cognate DNA and Mg2+ ion
on such distances and protein conformational changes are also studied.
Experimental Procedures
Materials. N-iodoacetyl-N’-(5-sulfo-l-naphthyl)ethylelediamide (1,5-IAEDANS)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

100

and 2-(4’-maieiinidyIamlino)naphthalene-6-sulfonic acid (MIANS) were from
Molecular Probes (Eugene, OR) and Sigma Chemical Co. (St. Louis, MO),
respectively. Glycerol used in buffers for fluorescence measurements was glassdistilled (Em Science, Cherry Hill, NJ). 13-mer oligonucleotide with the sequence
of 5’-TCGCGAATTCGCG-3’ was purified by reversed-phase HPLC (greater than
98% purity) and served as EcoRI substrate DNA. All other chemicals were
essentially the highest grade available.
Site-Directed Mutagenesis and Protein Purification. Site-directed mutagenesis was
performed using THE ALTERED SITES system from Promega Corp. (Madison,
WI). Asn3Cys mutation was previously described in chapter 3. The gene between
Hindlll and Sail sites containing the sequence of EcoRI endonuclease C-terminus
(residues 68-277) and methyltransferase from pSCC2 expression vector (Cheng et
al., 1984) were cloned into pSELECT-1 vector in the multiple cloning site and
mutagenesis was conducted using the double-stranded template protocol provided.
The oligonucleotide sequence carrying the Trpl08Tyr mutation was 5’-GGC TTC
AGC AAC AAG TAC TAC TCT ATA TTC ACC ATA ATC ATC-3% in which a
silent mutation was made to create an Seal diagnostic restriction site (S’- AGTACT
-3’) for screening mutants. After mutation reaction the Hindm-Sall insert carrying
newly created Seal restriction site in pSELECT-1 was cloned back into modified
pSCC2 expression vector (see chapter 3) which was then renamed as pW104Y
referring to Trpl04Tyr mutation. Correct mutation was confirmed by DNA
sequencing of pW104Y. The Mlul-Hindlll gene fragment in pW104Y is replaced
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with Mlul-Hindin segment containing AsnSCys mutation from pN3C (chapter 3) to
give the gene coding for EcoRI double mutant Asn3CysTrpl04Tyr and the
obtained vector is called pN3CW104Y. Single mutant W104Y and double mutant
N3CW104Y were purified to homogeneity (>99% pure as judged by SDS-PAGE)
using a modified method as previously describedin chapter 3. Protein
concentration was determined using BioRad Assay method using an EcoRI
standard solution whose concentration was determined by amino acid amalysis.
Fluorescent Labeling. Fluorescent labeling by MIANS and 1,5-IAEDANS of
EcoRI double mutant N3CW104Y were performed as previously described in
chapter 3. Labeling reactions were carried out in 0.6 M NaCl, 20 mM potassium
phosphate, 10 mM EDTA, 10% glycerol, pH 7.0 and at 4°C. Labeling reaction of
MIANS was followed by observing protein fluorescence excited at 320 nm, since
MIANS is essentially nonfiuorescent until reacted with sulfhydryl group. The
reaction with MIANS was essentially finished after 15 min and the reaction with
1,5-IAEDANS was allowed to go for 10 h. Amount of labels bound to protein was
determined spectrophotometrically using extinction coefficients of 17000 cm 'M '
at 327 nm for MIANS and 6100 cm 'M ' at 337 nm for 1,5-IAEDANS. Close to
stoichiometric labeling was achieved routinely, with dye/protein ratio ranged from
0.98 to 1.0. Labeled enzymes were dialyzed to remove unreacted probes and stored
in EcoRI storage buffer (0.6 M NaCl, 10 mM potassium phosphate, 7 mM |3mercaptoethanol, 1 mM EDTA, 10% glycerol, pH 7.0) at -70"C. Small conjugates
between N-acetylcysteine and MIANS (N-Cys/MIANS) or 1,5-IAEDANS (N-
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Cys/IAEDANS) were made by reacting fluorescent label with 5-foId molar excess
N-acetylcysteine at room temperature in the dark for 24 h and then purifying the
produce by flash chromatography on a silica column.
Fluorescence Measurements. Absorbance, steady-state and time-resolved
fluorescence measurements were performed as describedin chapter 3. Excitation
wavelength for Trp246 was 295 nm where the fluorescence firom tyrosines and
phenylalanines are negligible. Excitation wavelength for MIANS and 1,5IAEDANS was 320 nm. Sample chamber temperature was maintained at 4°C by a
circulating water bath, sample compartment was purged with nitrogen to prevent
condensation. Tryptophan quantum yields in the wild-type and mutant EcoRI
endonucleases were measured using 3-methylindole in water as a standard (0.34 at
25°C).
Fluorescence Energv Transfer. Fluorescence decay of tryptophan can be expressed
as a sum of exponential decays
I(t) = ^ a /e x p (-//x i)

(4.1)

where a; and x, are amplitude and lifetime of the fth exponential. The average
efficiency of fluorescence energy transfer between a donor (Trp246) and acceptor
(MIANS or 1,5-IAEDANS) was determined by measuring the average fluorescence
lifetimes of donor both in the presence (x da) and absence (x d) of the acceptor as
given in equation 1 (Wu and Brand, 1994).
E=l-(tDA/^D)

(4.2)

Average lifetime of a fluorescence decay is calculated by
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2^a.Xi
t =

(4.3)

y ai

According to Forster theory, the transfer efficiency is related to the average
distance (R) between probes and Forster’s critical distance (R^) at which the
transfer efficiency is equal to 50%:
E = R .W + R")

(4.4)

Rg can be calculated (in nm) from
R„*=(8.79x10")/ïV Q dJ

(4.5)

where n is the refractive index of the medium taken to be 1.4,

is the orientation

factor, Qd is the quantum yield of the donor in the absence of the acceptor, and J is
the spectral overlap integral (in M"' cm ' nm"*) between the donor emission Fd(A.)
and acceptor absorption £a(X) spectra described by:
J = j"Fb(A.)G^(l) X*dk
A value of 2/3 for orientation factor

(4.6)
was used for calculating average

distances (R^^), and the maximum and minimijm values of

were estimated

according to the method of Dale et al (Dale et al., 1979)

where

K^„„=(2/3)(l+d^+do+3dA)

(4.7)

K^.»=(2/3)[l-(d^+do)/2]

(4.8)

dD=(rDo/rDf)'^are the depolarization factors for acceptor and

donor, respectively, r^o and rog are the initial anisotropies and r^^ and r^f are the
fundamental anisotropies for donor and acceptor, respectively. Determination of
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initial anisotropies were described in chapter 3. Using these values for the
orientation factor instead of 2/3, the maximum (R,mx) and minimum

distances

between probes were calculated.
(4.9)
R-.=[1.5 k^ J ' “Rm

(4.10)

Results
Fluorescent Labeling of N3CW104Y Double Mutant. EcoRI N3CW104Y mutant
was purified to homogeneity using the modified procedure (Chapter 3). The
enzyme eluted at the same salt concentration as the wild-type enzyme on the three
columns used: phosphocellulose P-11, hydroxyapatite HTP, and BioRex-70
(Greene et al., 1978). Double mutant was active towards its substrate and cut
A.DNA giving the same gel pattern as the wild-type did on an agarose gel. The
binding constant towards a 24-mer double stranded oligonucleotide (5’-G GGC
GGG TGC GAA TTC GCG GGC GG-3’) was the same (8.2± 0.2 x 10'° M ') as
that of the wild-type (8.7± 0.3 x 10'° M*'). Compared with the single Asn3Cys
mutant described before, the extra Trpl08Tyr mutation apparently did not cause
any decrease of binding affinity (the equilibrium binding constant for N3C mutant
was 7.4±0.3 xlO'°M '). Binding constant decrease introduced by N3C was partially
recovered by W104Y mutation. Labeling by MIANS and 1,5-IAEDANS caused
some decrease in binding affinities (2.2± 0.3 x 10'° M ' for N3CW104Y/MIANS
and 3.3± 0.2 x 10'° M ' for N3CW104Y/IAEDANS, respectively), but tight
bindings could still be accomplished.
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The N-terminal Cys3 could be easily labeled by fluorescent probes MIANS
and 1,5-IAEDANS to give N3CWI04Y/MIANS and N3CWI04Y/IAEDANS
conjugates. Labeling by MIANS proceeded rapidly and finished within 15 min, as
extension of reaction time did not cause more labeling (Figure 4.1 ). Since MIANS
is essentially nonfiuorescent until reacted with sulfhydryl group, the fluorescence
from labeled enzyme was used to follow labeling reaction and explore labeling
conditions. Labeling of EcoRI N3CW104Y double mutant was saturated using a
probe/enzyme (polypeptide chain) molar ratio of 1 .2 in the labeling reaction.
Further excess of MIANS did not produce more labeled product (Figure 4.1).
Spectrophotometrically determined probe/enzyme molar ratio were close to
stoichiometric. Such result is consistent with the fact that only Cys3 was labeled
and the Cys218 was inaccessible to fluorescent probes.
UV spectra of MIANS and 1,5-IAEDANS labeled N3CW104Y are given in
Figure 4.2.
Steady-State Fluorescence. Steady-state fluorescence emission spectra of
fluorescent probes in N3CW104Y/MLANS and N3CW104Y/IAEDANS are shown
in Figure 4.3. Compared with the fluorescence of corresponding small conjugates
(N-Cys/MIANS and N-Cys/IAEDANS), both MIANS and lAEDANS gave about
10 nm blue-shifred emission when attached to protein. The fluorescence MIANS
and 1,5-IAEDANS is environmentally sensitive (Hudson and Weber, 1973; Gupte
and Lane, 1979) and the blue shift reflects the fact that they are in a more
hydrophobic environment on the protein than the aqueous buffer solution. This is
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Figure 4.1. Fluorescent labeling of N3CW104Y by MIANS. Labeling reactions
were carried out as described in Experimental Procedures. Fluorescence was
measured by excitation at 320nm and monitoring emission at 450 nm. Reaction
times are 15 (■), 30 ( • ) and 60 (A ) min, respectively.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

107

1. 0 -

0.8

« 0.4-

0 .2 -

0.0
250

270

290

310

330
350
Wavelength (nm)

370

390

410

Figure 4.2. Normalized UV spectra for unlabeled (solid line), MIANS (dashed
line), and lAEDANS (dotted line) labeled N3CW104Y.
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Figure 4.3. Steady-state fluorescence emission spectra for N3CW104Y excited at
295 nm (spectrum 1), N3CW104Y/MIANS (2), N-Cys/MIANS (3),
N3CW104Y/IAEDANS (4) and N-Cys/IAEDANS (5) excited at 320 nm.
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in agreement with our previous findings through time resolved emission and
anisotropy studies of pyrene-labeled N3C mutant that the N-terminal segments are
on the protein surface (chapter 3).
Trp246 has its fluorescence emission maximum at 338 nm (Figure 4.3).
This is not unexpected since X-ray crystal structure reveals that Trp246 is partially
buried in protein and distant firom the protein-DNA interface (Kim et al., 1990;
Rosenberg, 1991). Binding of substrate oligonucleotide DNA and cofactor Mg^*
did not cause any Trp246 spectral shifts.
The quantum yields of tryptophan residues in the wild-type EcoRI and
Trp246 in N3CW104Y mutant were measured using 3-methylindole as a standard
and the results are listed in table 4.1. Assuming Trpl04 and Trp246 having the
same absorption extinction coefficients at 295 nm, the quantum yield of Trpl04
was calculated to be 0.26. These quantum yield values have also been observed in
other proteins . Binding of substrate DNA had little effect on the tryptophan
quantum yield in the wild-type EcoRI, however, dramatic decrease in the quantum
yield of Trp246 upon binding of substrate DNA had been observed. So substrate
DNA binding may induce possible protein conformational changes which
subsequently cause quenching of Trp246 fluorescence.
Time-Resolved Fluorescence of Trp246. The decay of Trp246 fluorescence in
N3CW104Y double mutant could be fitted to the sum of three exponentials decays
(Table 4.2). Lifetime components are in the range of values observed for proteins
(Beechem and Brand, 1985). Fitting into double exponential decay was acceptable
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Table 4.1. Tryptophan quantum yields in the wild-type and mutant EcoRI.
sample

wild-type

N3CW104Y

-DNA

0 .2 1

0.16

+ DNA

0 .2 0

0.09
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Table 4.2. Fluorescence lifetime decay parameters for N3CW104Y and its cognate DNA and cofactor complex. Each
sample decay is analyzed by single, double, and triple exponential fits. Standard errors are based on at least three
measurements.
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N3CW104Y
3.63

single exponential

5.80±0.04

double exponential

6.54±0.15

0.7010.04

3.8210.12

0.3010.04

triple exponential

9.04±0.28

0.1710.03

5.0810.12

0.7910.03

CD

N3CW104Y-DNA

■CDD
O
Q .

single exponential

4.42±0.14

double exponential

5.1610.10

0.6110.03

1.7110.16

0.3910.03

triple exponential

5.3610.07

0.4610.03

2.1810.10

0.3410.03

C
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CD
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■D

CD

C/)
CO

h

1.22
0.6410.10

0.0510.01

1.13

20.3
1.71
0.1810.07

0.2010.01

1.13

N3CW104Y-Mg'*
single exponential

5.3510.05

11.2

double exponential

5.9410.06

0.7310.02

1.9810.12

0.2710.02

triple exponential

6.6010.11

0.4910.05

3.0210.71

0.4010.03

1.40
0.6710.10

0.1110.02

1.14
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to free N3CW104Y (%^1.22), but not for DNA or cofactor

bound

N3CW104Y (Table 4.2), nor for MIANS (Table 4.3) or 1,5-IAEDANS (Table 4.4)
labeled N3CW104Y. The four exponential analysis always resulted in no further
improvement in the

values. So three exponential decay could accurately reflect

the kinetics of Trp246 fluorescence dacay.
Time-resolved anisotropy decay measurements were also performed to
explore the mobility of Trp246. Anisotropy decay of Trp246 could be fitted to the
sum of two rotational correlation times of around 1 ns and 100 ns (Table 4.5). The
short (|>, around 1 ns was attributed to the independent movement of Trp246 and the
long (j)2 was attributed to protein global motion, which will give a rotational
correlation time of about 73 ns as estimated by Einstein-Stokes equation (chapter
3). Their corresponding preexponential factors (0.04 and 0.11) indicated that the
majority population of Trp246 moved along with the protein global motion. This is
in agreement with the X-ray crystal structure of an EcoRI-DNA complex in which
Trp246 is partially buried (Kim et al., 1990; Rosenberg, 1991). The initial
anisotropy r(0) of Trp246 was 0.14 for free N3CW104Y, a value that is quite low
for tryptophan residues in proteins (Lakowicz et al., 1983). Compared to the
fundamental anisotropy value (0.238) for tryptophan (Lakowicz et al., 1988) the
low initial anisotropy value indicates Trp246 also has considerable amount of
unresolved fast motions in EcoRI.
As shown in the previous chapter, the fluorescent probes at the N-termini
are also rigidly attached to protein (Table 4.5). For MIANS, 94% of the probe
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Table 4.3. Fluorescence lifetime decay parameters for N3CW104Y/MIANS and its cognate DNA and cofactor
complex. Each sample decay is analyzed by single, double, and triple exponential fits. Standard errors are based on at
least three measurements.
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N3CW104Y/MIANS
single exponential

5.I9±0.03

double exponential

5.8I±0.01

0.7010.01

1.7310.04

0.3010.01

CD

triple exponential

6.0610.06

0.5610.02

2.4410.09

0.2910.02

CD
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11.9

single exponential

3.8410.06

double exponential

4.7510.08

0.5610.05

0.9710.16

0.4410.05

triple exponential

5.3010.10

0.2710.05

1.8710.15

0.3310.03

1.48
0.2210.01

0.1410.01

1.17

35.3
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Table 4.4. Fluorescence lifetime decay parameters for N3CW104Y/IAEDANS and its cognate DNA and cofactor
complex. Each sample decay is analyzed by single, double, and triple exponential fits. Standard errors are based on at
least three measurements.
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Table 4.5. Fluorescence anisotropy decay parameters for N3CWI04Y and its cognate DNA and cofactor complex.
Standard errors are based on at least three measurements. Also shown the anisotropy decay parameters for MIANS and
1,5-IAEDANS labeled N3CW104Y and N-acetylcysteine, respectively.
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population are moving with protein global motions. While for 1,5-IAEDANS, only
45% are moving with protein global motions. The more independent movement
associated with 1,5-IAEDANS than MIANS may be due to the more rigid tether of
MIANS.
Similar with the decrease in tryptophan quantum yield, binding of substrate
oligonucleotide DNA caused a 43% decrease in average lifetime of Trp246, from
5.6 ns to 3.2 ns. Binding of cofactor Mg^* caused a 16% decrease in average
lifetime to 4.7 ns . The relative weight of each lifetime component also changed
after DNA and Mg^"" binding. The middle lifetime component (5.1 ns) had the
largest weight (79%) in free unlabeled N3CW104Y, while in complexed enzymes,
the longest lifetime component had the largest weight (34% for DNA complex and
40% for Mg^^ complex). DNA binding also increased Pj of Trp246 (Table 4.5).
Such lifetime decrease and redistribution reveal protein conformational changes
after binding of substrate and cofactor.
Energy Transfer from Trp246 to N-termini. Labeling of the N-terminal Cys3 by
MIANS or 1,5-IAEDANS had caused decreases of Trp246 average lifetimes, from
5.6 ns to 4.1 and 4.7 ns, respectively, due to energy transfer from Trp246 to
MIANS or 1,5-IAEDANS (Table 4.2-4.4). The efficiency of energy transfer was
calculated from such lifetime decreases and subsequently the average distances
from Trp246 to MIANS or 1,5-IAEDANS were obtained. The results for distance
calculations are listed in Table 4.6. Both probes gave very similar distances across
the protein to Trp246, with 31 Â for MIANS and 30 Â for 1,5-IAEDANS,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CD
■D

O
Q .
C

gQ .
■CDD
C/)

W
o"
3
O

Table 4.6. Interprobe distances calculated by fluorescence energy transfer.
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respectively, when the value of 2/3 was taken for orientation factor k^. With
experimentally determined limiting anisotropy values (Table 4.5) and fundamental
anisotropy values (0.364 for MIANS (Xing and Cheung, 1995), 0.238 for
tryptophan and 0.25 for 1,5-IAEDANS (Lakowicz et al., 1988)), the upper and
lower limits for orientation factor

could be obtained. Corresponding limits of ±

10 Â were calculated (Table 4.6).
Like the changes occurred in Trp246 lifetime and anisotropy, binding of
substrate DNA also changed average distances between probes and Trp246 (Table
4.6). Substrate binding reduced probe to Trp246 distance about 4 Â (from 30 Â to
26 A). Cofactor Mg^^ did not cause any apparent distance changes.
The spatial distances from Trp246 to N-terminal fluorescent probes
measured are average distances for both intersubunit and intrasubunit distances
because acceptors are near dimer interface (see Chapter 3). The major uncertainty
for fluorescence energy transfer studies comes from determination of orientation
factor K^, which can vary from 0 to 4, leading to large errors in distance
measurement. To further narrow down the possible ranges of k^, time-resolved
fluorescence anisotropy decays were employed. Calculations according to Dale et
al. (Dale et al., 1979) resulted in the upper and lower limits of interprobe distances.
An alternative treatment of current data according to the method of Stryer (Stryer,
1978) yielded 0.68<a<1.32, where a=R/R 2/3, and R is the actual distance and R^/^ is
the apparent distance assuming k^2/3. There is an 80% probability that
0.74<a<l .14. Applied to the case of free labeled N3CW104Y, there is 100%
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probability that actual distances will be 20.7 Â <R<40.3 Â for N3CW104Y/
MIANS and 20.7 Â <R<40.1 A for N3CW104Y/IAEDANS, results in good
agreement with those based on the method of Dale et al (Dale et al., 1979). The
probability that actual distances 22.6 A<R<34.8 A for N3CW104Y/MIANS and
22.5 A<R<34.7 a for N3CW104Y/IAEDANS will be 80%. Since both indole
(Lakowicz, 1983) and dansyl (Hudson and Weber, 1973) fluorophores have mixed
polarizations, the range of actual distances will be even narrower than above
estimations.
Discussion
In previous chapter we have demonstrated that the N-termini of EcoRI
homodimer are in close proximity and possibly involved in subunit interactions at
the dimer interface by site-directed pyrene labeling and crosslinking studies of
Asn3Cys mutant. In the present work an extra mutation was made at Trpl04,
which is an exposed tryptophan residue in an EcoRI-DNA complex (Kim et al.,
1990; Rosenberg, 1991). Trpl04 was replaced by tyrosine, which is also an
aromatic residue but more hydrophilic than phenylalanine. Mutation at Asn3 was
not expected to have a dramatic change in enzymatic properties since deletion of
the first 4 residues had very little effect (Jen-Jacobson et al., 1986). Replacing
Trpl04 with tyrosine apparently did not cause any adverse effects either, and even
restored a small amount of decreased binding affinity. Double mutant was
characterized by its DNA binding and cleavage properties and shown to be similar
to wild-type EcoRI enzyme. Labeling has caused 3-4 fold decrease in binding
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affinity, although binding would still be very tight. Thus, N3CW104Y could be
used to represent wild-type enzyme in fluorescence energy transfer studies to locate
the N-termini and to monitor local structural changes around Trp246 upon DNA
and cofactor Mg^* binding.
Single tryptophan containing proteins have been known for having complex
fluorescence decays (Lakowicz, 1983; Beechem and Brand, 1985). Single Trp246
in N3CW104Y also gave complex decays that could be described by a sum of three
exponentials. Due to the various reasons for such complexity of tryptophan
fluorescence (Lakowicz, 1983; Beechem and Brand, 1985), assigning these
lifetimes with possible individual emitting species is impossible. However,
obtained lifetime and their preexponential factor values can still be used to monitor
conformational changes in protein and/or microenvironmental changes around
Trp246. Binding of substrate DNA and cofactor Mg^* ion caused decrease of
Trp246 average lifetimes and a redistribution of individual lifetime components.
Examination of the EcoRI-DNA crystal structure indicated that Trp246 is partially
buried in a loop region just before the last a-helix at the C-terminal of each subunit
(Kim et al., 1990; Rosenberg, 1991). The amino acid residues close by are Phel 6 8 ,
Leu 169, Glul70, Tyr238 and GIn240 within 5 Â to the Trp246 indole ring. The
peptide bond oxygen atom of Leul69 is only 2 .8 A away from indole ring, while
the carboxyl group of Glul70 and amide group of Gln240 are 6 .8 A and 4.3 A
away, respectively. Peptide bonds and amide groups have been shown to have
quenching effects on tryptophan fluorescence (Chen et al., 1996). The benzene ring
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of Phel 6 8 is perpendicular to the indole ring of Trp246, with the closest distance
being 3.6 A . Tyr238, on the other hand, is a little further away with a distance of
6.3 A from indole ring of Trp246. These residues may also exhibit fluorescence
quenching ability due to their closeness to Trp246. Such quenching effects are
exaggerated when DNA or cofactor Mg^* ion is bound to protein. Binding of either
one may induce protein conformational changes and cause these residues to become
closer to Trp246 than when the enzyme is free.
Among the five restriction endonucleases whose X-ray crystal structures are
resolved, only enzymes EcoRV (Vipond and Halford, 1993; Kostrewa and Winkler,
1995) and BamHI (Newman et al., 1994; Newman et al., 1995) provide information
about protein conformational changes when DNA is bound. Both restriction
enzymes show remarkable structural flexibility and binding of DNA induces tighter
structures in both cases. In BamHI, which is more like EcoRI than EcoRV due to
their similar cleavage pattern, binding of DNA induces quaternary and local
structural changes. One of the changes is that the cleft between the two subunits
has closed to about 19° toward DNA. In EcoRI, for which we do not have structural
information regarding to DNA induced conformation changes, presumably a tighter
structure would be induced after DNA is bound. Another evidence for a tighter
structure is from the anisotropy decay analysis of Trp246. A higher initial
anisotropy value (r(0)) for Trp246 is always obtained when DNA is bound.
Observed r(0) increased from 0.14 to 0.20 when DNA is bound. The lower r(0)
value (0.14) from fundamental anisotropy revalue (0.238) indicates that there are
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movements that are too fast to be detected by instrument. A more compact
structure around Trp246 will render such fast movements and allow more portion
o f anisotropy to be detected, thus giving a higher limiting anisotropy value (to
0.18).
In our previous work (Chapter 3) we have provided evidence that the Ntermini of EcoRI homodimer are on the protein surface and possibly involved in
subunit interactions at the dimer interface. The N-termini are in close proximity
and such proximity is apparently not affected by DNA and Mg^* bindings.
Examination of the crystal structure of an EcoRI-DNA complex gives limited
possible locations for N-termini. Giving the conditions of proximity and two-fold
symmetry, the most promising place for N-termini is the vicinity around the loops
formed by residues 221-232 from the opposing subunit. When looking down from
the DNA helix, these two loops are at the central plane of the complex which runs
through the intersubunit interface and on the other side of the DNA binding
regions. They cross each other at the side of residues of 227-232 and form
intersubunit interfaces. The residue that is furthest away (and also at the bottom of
the loop) from protein surface is Asp227. The distance between

atoms of

Asp227 in the two subunits is 14.6 A. Other residues are closer to their
counterparts, with distances between

atoms of 6 . 2 A for Ser229 and 5.9 A for

Ile230, respectively. Distances from these residues to the first resolved N-terminal
residue, Seri7, in each subunit are almost the same and around 30-40 A. Distances
from these residues to intersubunit and intrasubunit Trp246’s are also around 30-40
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A. The average of such distances are very close to the distance range determined
by fluorescence energy transfer experiments (34-17 A).
Fully extended structure of N-terminal segment consisting of 15 residues
gives a length of 44 A, which is long enough to reach the location mentioned
above. Molecular modeling by method of Momany in QUANTA predicts a
possible formation of 1.5 turn of a-helix from residues 7 to 12 resulting a 19 A
extended chain from residues 2-7, a close to 90° turn, and another extended chain of
15 A from residues 13-16. This will give a direct distance of 24 A from Ser2 to
Seri6. However, such an ordered secondary structure might be more likely to be
resolved in X-ray crystal structure.
When looking down the DNA helix the N-terminal first helices (a l) are at
the outside of each subunit away from the central two-fold symmetry plane.
Distance between two Ser-17’s gives the longest dimension of the complex (70.0

A). The N-termini of both helices are pointing away from DNA side and towards
the side of the interface formed by the loops mentioned above. N-terminal
segments at dimer interface will stabilize EcoRI structure and presumably will also
stabilize EcoRI-DNA complex. Due to the fact that Ser-17 residues are on each
side of the complex such stabilizing interactions will also be long range in addition
to locally. Interactions at dimer interface are therefore coupled with protein global
conformational changes. Alterations in N-termini interactions will be transmitted
to “down stream” structural organizations. Deletion of N-termini residues thus will
cause a “loose structure” not only at dimer interface but also at remote sites that are
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close to DNA binding and cleavage. Since N-tennini are distal from DNA
recognition elements, they possess no effects on sequence specificity. However, a
“loose structure” will be more likely to let bound DNA dissociate than a regular
one does. Active site residues will also be more likely to be oriented in a way not
suitable for substrate cleavage. These could account for the 63-fold faster
dissociation rate and null cleavage activity of an EcoRI-DNA complex in which the
first 12 residues in the enzyme were deleted (Jen-Jacobson et al., 1986).
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